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ABSTRACT 


This  report  describes  tbs  experimental  fcnd  theoretical  l*rrvstlgmtlon  directsd  toward 
development  off  a  frequency  selective  limiter  using  nuclear  magnetic  rMooaoce.  This 
effort  was  carried  oat  from  April  23  to  November  26,  1266  and  was  supported  by 
Razos  Air  DmloDBuni  Canter  seder  Contract  AF  S0< 602) -3407. 

The  report  ts views  principles  of  operation  of  the  device  sad  describes  developments 
carried  out  under  tbs  contract.  Tbs  principal  accomplishments  were  as  follows: 

The  circuit  and  quantum  mechanical  theory  of  the  device  was  extended  and  refined. 
The  magnetic  properties  required  to  obtain  frequency  selective  limiting  over  &  band 
of  frsgsaescieg  were  deter, nired.  Expressions  for  insertion  loss  and  limiting  thres¬ 
hold  were  derived.  The  amount  of  tntermodulstion  and  signal  suppression  was 
calculated  an  a  function  of  the  interference  aad  signal  power  levels  and  the  frequency 
separation  between  them.  The  effectiveness  of  the  limiter  In  suppressing  several 
types  of  Interfering  sigt  ila  arte  analysed  and  an  experimental  model  of  a  frequency 
selective  limiter  operating  at  SO  me/sec  was  deeignsd,  constructed  and  tested. 

The  performance  goals  set  in  the  contract  were  essentially  reached  with  the  exception 
of  tbs  bandwidth  cf  the  device.  The  experiaaoetal  development  indicated  that  great 
care  must  be  taken  to  assure  stability  of  the  device;  as  e  result  of  tide  laboratory 
work,  several  tachnlqnse  have  evolved  which  can  reduce  stability  problems  is 
future  limiter  dseigns. 

The  program  confirmed  that  cw  interference  can  be  suppressed  without  significantly 
affecting  a  dsslred  signal  which  la  removed  in  frequency  by  only  e  few  cycles  per 
second.  It  eras  verified  experimentally  that  the  extrema  case  ai  limiting.  In  which 
an  interfering  signal  wan  SO  db  above  a  derived  signal,  required  a  frequency 
separation  cf  no  mors  than  04  ope  heteeea,  the  two  signals  to  assure  nagiigfbSo 
intermodulation  tad  eqppr  carton  of  tire  desired  signal. 


TABLE  OF  CONTENTS 


Page 


2.0  Principle  of  Operation  3 

2. 1  Type*  of  Limiting  3 

2.  2  Magnetic  Resonance  Phenomena  5 

2.3  Frequency  Selective  Limiting  Circuit  8 

3.0  Determination  of  ^Ugnetlc  Properties  13 

3. 1  Bandwidth  Enhancement  (reactive  compensation)  17 

3.2  Physical  Realisation  of  Spin  Distribution  17 

3. 3  labs^ace  impedance  at  Re-Entrant  Cavities  17 

4. 0  Circuit  Theory  18 

4. 1  Insertion  Lons  18 

4.  3  Optimum  Cavity  Design  20 

4.3  Baturatlan  Level  24 

3.0  Intermodulation  25 

0. 0  Analysis  at  Limiter  Performance  30 

4.1  Steady  Mate  Aaalysis  30 

4.3  transient  Response  36 

T.  •  Experimental  Results  39 

7.1  Bandwidth  sad  Limits  Range  39 

7.3  Insertion  Loss  45 

7.3  Ssturstlon  Level  45 

7.4  Sslsottvtty  asd  Istsmodslstlos  48 

7.5  Umitsr  Configuration  52 


T 


CooclaiioH  and  Raco— adationa 
Bibliography 


56 

58 


APPENDICES 


I 

Imbalance  Impedance  of  Re-Entrant  Cavity 

59 

II 

Optimum  Cavity  Design 

66 

in 

Diffusion  Effects 

68 

IV 

Intermodulation 

70 

V 

Coherent  Interference  Suppression 

82 

VI 

Transient  Response 

90 

VII 

Characteristic  of  Absoxtoi ng  Sa^le 

108 

VIII 

Coupling  to  aa^le 

115 

IX 

Liaitlnt  Ckuscteristics 

119 

X 

satumtloa  Lml 

129 

XI 

SHaetlrltf  eat  IaterwAulstloa 

151 

XII 

Boise  Plpue  at  the  Llsiter 

152 

Ttl 


LIST  OF  ILLUSTRATIONS 

r>gy 

Page 

i 

Comparison  of  Ordinary  Limiter  and 

Frequency  Selective  Limiter 

4 

2 

Absorption  Process 

6 

3 

Variation  of  Resonant  Absorber  Resistance 
with  Currant 

9 

4 

Typical  Limiter  Circuit 

10 

S 

Absorption  with  Shifted  Particle  Resonance  a 

12 

6 

Relative  Imbalance  Impedance  due  to  Spins  In  a 

Uniform  Magnetic  Field 

14 

7 

Resistive  and  Reactive  Bridge  Imbalance  for 

Rectangular  and  Compensated  Distributions 

15 

8 

Cavity  and  DC  Field  Configuration 

16 

9 

Relative  Magnitude  o*  Imbalance  of  Coaxial 

Cavity  due  to  Spin  8yst*m 

22 

10 

Re-entrant  Cavity  Circuit 

20 

11 

Equivalent  Circuit 

20 

12 

Thsvla  Equivalent  Circuit 

21 

U 

Insertion  Loss  vs.  Bandwidth  for  Uncooled  Limiter 

23 

14 

lata  modulation  Power  with  Two  Large  Signals 

27 

1ft 

Iatermodulatloa  with  On*  Signal  below  Saturation  and 
On*  Stgnal  above  Saturation 

28 

1ft 

Suppression  of  Small  Signal  la  Vicinity  of  Large  Signal 

29 

17 

Modal  Signal  and  Interference  Spectra 

31 

1ft 

Improvement  la  Interference /Signal  Ratio  Using 

Limiter  with  ew  Interference 

33 

*111 


nc*« 


Pag 


19 

Output  Interference/ Signal  Ratio  vs. 

Interference  Bandwidth 

34 

20 

Envelope  of  FSL  Output  for  Switched  cw  Input 

3 fs 

21 

Block  Diagram  of  System  used  to  Measure  Reactive 
Imbalance  (FSL  Bandwidth) 

40 

22 

Measured  Reactive  Imbalance 

42 

23 

Experimental  Limiting  Curves 

43 

24 

Block  Diagram  of  System  Utilized  In  Measuring 
Limiting  Curves 

44 

23 

DC  Magnetic  Field  Contours 

46 

26 

Block  Diagram  of  System  Uaad  to  Measure 

Insertion  I«oss 

47 

27 

Hock  Diagram  of  System  used  to  Measure 

Selectivity  of  FSL 

49 

28 

Block  Diagram  of  System  used  to  Measure 
Intermodulation 

50 

29 

I nta (modulation  vr..  Frequency  Separation 

SI 

20 

Frequency  Selective  Limiter 

S3 

31 

Complete  Limiter  Circuit 

58 

32 

Magnetic  Field  Components  in  Rotating  Frame 

TO 

33 

Pole-Zero  Plot 

78 

34 

Poles  la  S- Plane 

87 

lx 


LIST  OF  SYMBOLS 


E 

Outer  radius  of  re-entrant  cavity 

•l-  »2-  *3-  *4 

Coos  tan  u> 

*i'  *2'  a3 

Constants 

b 

Inner  radius  of  re-entrant  cavity 

bl-  *>2 

Constants 

B.  Bj ,  Bj 

Constants 

®S 

Signal  Bandwidth 

»1 

Interference  Bandwidth 

Ci  C2 

Constants 

D 

i^rt 2  ♦A*'2 

Di.n, 

Constants 

D. 

/vufrf2*  (w, 

“b 

tarf*  *  H  ' ^>* 

• 

X.  Tiaztf 

Mean  square  error 

*o 

Lamer  frequency 

*m 

Modulation  frequency  of  jamming 

Vo) 

Spin  distribution  function 

o.M 

Signal  pone  r  spectral  density 

QjM 

Interference  power  opectral  densi 

V»*) 

Inverse  Fourier  transform  of 

Ho 

DC  magnetic  field 

RF  magnetic  field  at  j 

"l 

Rr  magnetic  field  at  u>2 

«e 

DC  magnetic  field  at  center  of  re- 

Hrf 

RF  magnetic  field 

V 

Limiter  transfer  function 

J 

y^r 

k 

Boltzman's  constant 

1 

Mean  free  path,  between  colli  si  oca 

L 

Length  of  re-entrant  cavity 

m 

Mobility 

mX(a) .  c&yjaj .  m^g)  Lap  lice  transforms  of  magnetisation  components 

M 

Magnetization  vector 

*o 

Saturation  magnetization 

“*  “y  *. 

Componenta  of  magnetization 

**.-  *gn-  “an- 

Mf,,  Fourier  compoaenta  of  the  magnetization 

N 

Integer 

P1 

Power  UUj 

P2 

Power  at 

PK 

Power  at 

PI 

Total  interference  power  input 

pa 

Tot'  ’  algnal  power  Input 

PT 

Total  power  abnorbed  by  aptn  ayatem 

Pio/Pao 

Effective  Interference— to— algnal  ratio  (output) 

p.« 

Saturation  power 

pwalls 

Wall  loceoa  In  re-entrant  cavity 

Q 

Quality  factor 

Qw 

Approximate  algnal  power  apectral  density 

«o 

Unloaded  cavity  Q 

r 

Radios 

• 

*a 

Absorber  equivalent  parallel  reelstsnce 

ro 

Equlvalsst  parallel  resistance  of  cavity  (copper  loss) 

Tm 

Inter-aaclasr  spacing 

*• 

Absorber  equivalent  series  resistance 

*0 

SqMvaMa*  series  rael— are  of  cavity  (copper  loea) 

1 

TIbm 

T 

Temperature 

Mi 

^  3#3  3  f  Q  'q 


i'ti 


Longitudinal  relaxation  time  (spin  lattice  relaxation  time) 
Transverse  relaxation  time  (Inverse  linewidth.  small  signal  case) 
Inverse  linewidvh  seen  at  iJj 
Inverse  linewidth  seen  at  «J2 
Unit  step 

i1^  member  of  the  input  interference  voltage  ensemble 
l1*"  member  of  the  input  signal  voltage  ensemble 
member  of  the  output  voltage  ensemble 

“x<*>  -  “o 

Limiter  output  voltage  at  uu 
Unit  vectors 

Absorber  equivalent  reactance 
Constant 

Constant 

Gyromatlc  ratio 

Frequency  separation  In  radians 
Kronecker  delta 
Dirac  delta  function 
Relative  dielectric  constant 
Viscosity 

Nuclear  magnetic  moment 
Spin  density  per  unit  volume 

T1  *  T*  ■  7* 

Frequency  in  radians 

Lennor  frequency  at  lower  edge  of  spta  dlstrtkutioa 
Larmor  frequency  at  upper  edge  of  spin  distribution 
VH0 
YHj 

VHrf 

Frequency  of  k**  Interference  component 
A  complex  frequency  parameter 
A  normalised  complex  frequency  parameter 
xll 
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The  contractual  effort  proved  the  feasibility  of  frequency  selective 
limiting  using  nuclear  magnetic  resonance.  The  program  refined  the 
theory  of  operation  and  demonstrated  the  operation  of  a  30  MO  frequency 
selective  Had  ter. 

The  principal  accomplishments  were  as  follows: 

(a)  The  magnetic  properties  required  to  obtain  frequency  selective 
limiting  over  a  band  of  frequencies  were  determined. 

(b)  Expressions  for  insertion  loss  and  limiting  threshold  were 
determined.  The  insertion  loss  encountered  was  higher  than  the  design 
gn~lc.  Proper  impedance  matching  could  account  for  some  of  this  loss. 

(c)  The  amount  of  lnteraodulation  and  signal  suppression  was 
calculated  as  a  function  of  the  interference,  signal  power  levels  and 
frequency  separation.  The  contractual  effort  confirmed  that  CV 
interference  can  be  suppressed  without  affecting  a  desired  signal 
removed  by  two  or  three  cycles.  Saall  signal  selectivity  surpassed  the 
design  goals  of  the  limiter.  For  large  interfering  signals  30  db  above 
a  desired  signal  required  a  frequency  separation  of  64  cycles  to  assure 
negligible  lnteraodulation  and  suppression  of  desired  signals. 

(d)  The  contractual  effort  Indicated  that  a  problem  area  exists 
in  the  stability  of  the  limiter.  Stability  can  be  corrected  by  better 
temperature  control  and  the  selection  cf  material  for  capacitive  loading 
of  the  cavity  to  assure  maximal  stability. 

(e)  The  bandwidth  of  the  limiter  presented  a  problem  in  that  obtain¬ 
ing  a  smooth  DC  magnetic  gradient  perpendicular  to  the  limiter  while 
maintaining  a  constant  magnetic  field  in  the  longitudinal  direction  was 
impossible  with  the  pole  faces  and  cavity  dimensions  utilized.  A  1.8  KC 
bandwidth  was  obtained  and  c<Mpared  favorably  with  expectations. 

Future  progr»s  should  ooncentrate  on  reducing  insertion  loss,  size,  and 
increasing  bandwidth  and  better  stabilization.  The  frequency  selective 
limiter  concept  could  be  utilised  in  any  coeauni  cations  channel  where 
vulnerability  to  CV  interference  may  be  a  problam  in  or  out  of  the  pass 
band  of  information. 
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INTRODUCTION 


Tkl«  report  presents  i  complete  exposition  at  the  development .  both  analytical  sod 
expert  mesial ,  of  s  frequency  selective  limiter. 

The  Boeing  Company  has  carried  out  research  for  two  years  on  HF  frequency 
selective  limiters  utilizing  nuclear  magnetic  resonance  and  more  recently  on  micro¬ 
wave  limiters  utilizing  electron  spin  resonance.  This  work  has  been  directed  toward 
formulating  the  theory  and  establishing  the  feasibility  of  developing  these  devices. 

The  abjective  of  the  program  carried  out  under  this  contract  wee  to  refine  the  theory 
and  demonstrate  the  operation  of  s  90  me  frequency  selective  limiter  with  certain 
specified  characteristics . 

In  the  following  section  the  principles  at  operation  at  such  a  limiter  are  discussed  in 
moderate  detail.  Tabesquewt  sections  discuss  the  design  sad  performance  cal¬ 
culations  for  s  frequency  elective  Uniter.  Tbs  report  concludes  with  s 
description  of  tbs  device  sad  a  discussion  of  sxperlntatal  results  obtained 
oa  a  prototype  frequency  selective  Uniter.  Finally,  recoenendatlooa  and 
conclusions  are  presented. 

Tjs  frequency  selective  Uniter  la  its  various  fores  offers  (l)  protection 
ay  Inst  narrow  band  Interference,  and  (2)  a  naaas  cf  signal  equalization  in 
a  Multiple  access  repeater.  Ia  both  these  applications  the  unique  charac¬ 
teristic  of  tbs  frequency  selective  Uniter  is  that  it  Halts  strong  signals 
without  yo* rating  slgslflcaat  Inte modulation  products. 

The  prototype  frequency  selective  llalter  developed  under  this  contract  is 
particularly  suited  to  reduction  of  coherent  interference .  The  use  of  such 
a  device  coaplensnts  conventional  sprsad-spoctrun  aatljsa  techniques  since 
najr  ouch  system  are  vulnerable  to  ev  Interference .  For  Instance,  If  tbs 
power  spsctial  dsnslty  of  a  codad  signal  la  not  uniform  over  tbs  signal 
bandwidth,  Jamlag  my  bo  boot  achieved  by  concentrating  tbs  Jaanlag  power 
la  tbs  frequency  region  vbert  mad—  ilgal  power  exists.  Also, 
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•  spread  -  spectrum  system  caa  be  jammed  by  <rw  signal*  strong  enough  to  cause 
saturation  of  the  receiver.  In  both  of  these  situations  the  frequency  selective  limiter 
will  provide  substantial  protection  because  it  caa  selectively  attenuate 

several  large  Interfering  sisals  within  a  communication  channel  while 
passing  essentially  all  frequency  coogxments  of  sanll  desired  signals.  Inter¬ 
fering  signals  will  be  automatically  Halted  at  any  frequency  within  the  sys- 
teai  bandwidth.  Ho  a  priori  knowledge  of  the  frequency  of  the  interfering 
signal  or  signals  Is  required,  and.  Indeed,  Halting  will  occur  even  though 
the  Interfering  signal  changes  frequency. 


2.0 


PRINCIPLE  OF  OPERATION 


2. 1 _ Types  o f  Limiting 

The  frequency  selective  limiter  is  so  sntl -Interference  device  with  the  ability  to 
selectively  attenuate  large  signals  while  passing  small  desired  signals.  This 
action  differs  from  that  of  ordinary  limiters  in  which  a  strong  interaction  results 
in  the  generation  of  spurious  power  within  the  signal  passband  as  well  as  possible 
suppression  of  the  desired  signal. 

The  disadvantages  of  conventional  limiters  are  circumvented  by  the  frequency 
selective  limiter  which  utilises  s  limiting  mechanism  which  is  extremely  selective 
in  frequency.  This  mechanism,  using  proton  magnetic  resonance,  derives  its 
selectivity  from  the  extremely  high  Q  (up  to  10®)  of  these  resonances.  With  this 
new  device  it  is  possible  to  llstit  strong  interfering  signals  within  a  communication 
channel  without  significantly  affecting  the  desired  signal.  This  has  not  been 
possible  in  the  past. 

The  operation  of  an  ideal  frequency  selective  limiter  is  illustrated  in  Figs.  1A  and 
1C.  These  figures  show  the  combined  power  spectrum  of  a  weaa  signal  (solid 
lines)  and  a  stroag  interfering  signal  (dotted  lines)  before  and  after  passage  through 
an  ideal  frequency  selective  limiter.  The  operettas  of  this  limiter  is  such  that  any 
spectral  component  of  the  total  input  signal  (desired  signal  plus  interference)  whose 
power  exceeds  the  threshold  level  will  be  attenuated  until  its  power  is  equal  to  the 
threshold  power.  Any  spectral  component  that  lisa  below  the  threshold  ia  essentially 
unaffected  nud  passed  through  the  limiter  without  distortion.  In  contrast  to  this , 

Fig.  IB  shows  the  effect  of  as  ordinary  limiter  on  a  signal  containing  a  large  amount 
of  inte  rference.  In  tide  ease,  the  interfering  power  is  limited,  but  at  the  same  time 
severe  croes-modulatioa  takes  place  between  signal  and  Interference. 

In  dm  example  of  Fig.  1C,  the  signal -to- Interference  ratio  has  been  greatly  improved 
after  passage  through  the  frequency  selective  limiter;  in  fact,  a  large  increase  in 
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(hydrogen  nucleus)  tn  a  sample  of  water  will  contribute  its  excess  enerty  to  the 
kinetic  energy  of  surrounding  water  molecules.  The  energy  transfer  occurs  randomly 
In  an  average  time  usually  referred  to  as  the  apin-laf.iee  relaxation  time.  The  spin- 
lattice  relaxation  time  might  be  measured  experimentally  by  applying  a  pulse  erf 
photons  and  observing  the  time  required  for  the  system  to  return  to  thermal  equili¬ 
brium  with  the  bulk  material . 

Consider  now  the  behavior  of  n  system  of  such  particles  as  s  function  of  electro¬ 
magnetic  field  strength.  At  low  power  levels,  excitation  of  a  particular  electron  or 
proton  occurs  only  occasionally,  because  of  the  low  density  of  Incident  photons.  The 
absorbing  particles  will  have  ample  time  to  return  to  thermal  equilibrium  between 
successive  excitations,  and  as  a  result,  the  whole  system  will  remain  at  thermal 
equilibrium.  Under  such  conditions ,  absorbed  power  la  proportional  to  incident 
power  sod  the  substance  behaves  %  s  linear  resistive  absorber.  If.  however, 
incident  power  la  increased  to  s  point  where  the  mean  time  between  excitations  is 
leas  than  the  relaxation  time,  thermal  equilibrium  will  be  destroyed,  and  the 
absorptive  ability  of  the  substance  win  decrease.  This  decrease  occurs  because  a 
greater  number  of  particles  now  occupies  the  higher  energy  state  where  photon 
absorption  is  impossible.  For  power  levels  above  threshold,  the  material  behaves 
as  a  nonlinear  absorbsr  whose  loss  tangent  dscreases  aa  incident  power  increases. 

Thera  are  s  great  number  of  materials  that  may  be  suitable  for  use  aa  absorbers. 

For  s  material  to  exhibit  proton  resonance,  it  must  contain  hydrogen  stoma  in  its 
molecular  structure.  Some  common  substs  ness  show  lag  strong  proton  resonance 
and  narrow  Una  width  vs  water,  ethyl  alcohol,  kerosene,  and  transformer  oil. 

The  protons  la  heavier  atoms  do  not  res  oasts  as  individual  units;  rather  the  nucleus 
as  a  whole  resonates.  Since  Uds  resonance  is  usually  much  weaker  than  that  due 
to  "free"  protons,  it  is  not  as  suitable  for  this  application.  To  achieve  limiting, 
tbs  absorbing  material  aaaat  be  contained  in  a  structure  that  resonates  electrically 
at  dm  natural  absorption  frequency  of  the  material.  For  a  given  incident  power, 
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photon  density  la  very  high  In  such  a  structure ,  greatly  enhancing  the  absorptive 
ability  of  the  substance.  This  resonator  may  be  represented  as  a  series  coil- 
capacitor  combination,  as  ah'. am  in  Fig.  3.  At  resonance  this  circuit  may  be 
represented  by  a  nonlinear  resistor  whose  resistance  (Ra)  decreases  with  current 
for  currents  above  eome  threshold  value.  In  Fig.  3.  the  effective  resistance  is 
illustrated  as  a  function  of  current.  A  more  rigorous  description  of  magnetic 
resonance  would  show  that  there  is  a  reactance  associated  w  ith  absorption  as 
well  as  a  resistance.  This  reactance  may  be  ignored  under  certain  conditions, 
so  only  Rj  will  be  considered  here.  (The  effects  of  the  reactance  are  discussed 
in  Section  3. 0. ) 

It  must  be  emphasized  that  the  resonance  is  very  selective  in  nature  and  the  center 
frequency  is  established  by  the  external  dc  magnetic  field.  The  discussion  thus  far 
ha*  dsscntwd  a  nonlinear  circuit  element.  The  frequency  selective  limiter  circuit 
which  usee  this  element  will  n cm  be  described. 

1. 3 _ Frequency  Selective  Limiting  Circuit 

The  frequency  selective  limiter  circuit  is  basically  an  r-f  bridge .  one  arm  of  which 
contains  an  absorbing  substance.  To  ensure  symmetry,  the  opposing  bridge  arm  is 
constructed  Identically,  even  to  the  point  of  containing  s  substance  identical  to  that 
of  the  absorbing  arm.  Tbs  only  difference  is  that  this  dummy  arm  is  not  immersed 
In  a  dc  magnetic  field.  A  typical  limiter  circuit  le  shown  In  Fig.  4.  Two  identical 
resonant  circuits  are  shown.  The  absorption  resistance.  Ra,  in  the  absorber  arm 
unbalances  the  bridge.  Thun ,  at  low  signal  levels  where  the  resistance  is  linear ,  the* 
signal  at  the  output  of  tbs  bridge  will  be  linearly  proportional  to  the  input  signal. 
However,  as  tbs  input  signal  level  increases  to  the  point  where  Ra  begins  to  decrease 
in  value,  the  bridge  will  approach  a  balanced  condition  and  the  output  signal  will  be 
limited.  To  obtain  this  performance  it  is  necessary  that  the  resonant  frequency  of 
the  absorption  cell  correspond  to  the  frequency  of  tbs  applied  signal;  otherwise  the 
reactance#  associated  with  the  absorption  ceil  mask  Rt. 


ABSORBED  MATERIAL 
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Fig.  3.  Variation  at  Btaoaut  Abaoster  Realataaca  with  Cumnv 


Fi«.  H.  Typical  Llaiter  Circuit 
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This  circuit  will  function  as  an  ordinary  limiter  with  no  frequency  selectivity. 

That  is,  if  two  signals  are  introduced,  they  will  interact  strongly  whenever  one  or 
both  exceed  the  threshold  level .  because  both  outputs  depend  on  the  changing 
magnitude  of  Ra.  An  obvious  way  to  achieve  partial  frequency  selectivity  would  be 
to  combine  a  large  number  of  narrow -band  limiters.  If  the  center  frequencies  of 
these  limiters  were  staggered  suitably  over  a  band  of  frequencies,  selective  limiting 
would  occur  within  this  band.  Frequency  selectivity  would  be  determined  by  the 
bandwidth  of  the  individual  circuits,  i.e.  .  two  signals  would  not  interact  as  long  as 
their  frequency  difference  exceeded  this  bandwidth. 

A  more  practical  way  of  achieving  the  same  result  is  to  shift  the  natural  frequencies 
of  the  absorbing  particles  so  that  each  one  absorbs  at  a  slightly  different  frequency. 
Each  particle,  with  the  external  circuitry,  can  then  be  considered  as  a  separate 
limiter  functioning  over  the  natural  bandwidth  (line  width)  of  the  proton  resonance 
The  total  bandwidth  of  the  device  will  be  determined  by  the  frequency  shift  imposed 
on  the  absorbing  particles  (see  Fig.  5). 

Frequency  shift  can  be  accomplished  quite  simply  by  Immersing  the  absorber  In  a 
non-uniform  magnetic  field.  This  scheme  Is  based  on  the  following  relation  between 
resonant  frequency,  fQ,  and  magnetic  field  strength  ,  H0: 

to  -  a?  »o  w 

where 

y  *  2. 675  x  10*  rad/sec/gauss  for  proton  resonance. 

The  resonant  frequency  Is  directly  proportional  to  the  dc  magnetic  field  strength. 

A  field  strength  of  7060  gauss  corrsspoeds  to  a  resonant  frequency  of  30  me  for 
proton  resonance.  Tbs  selectivity  of  the  limiter  depends  qpon  the  resonance  line 
width  of  the  absorbing  material  (approximately  1  cycle  per  cecond  for  many  liquids). 
However,  the  bandwidth  depends  iqpon  the  dc  magnetic  field  lnhomogeniety. 
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5*  Absorption  with  shifted  Particle  Resonances 
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3.0 


DETERMINATION  OF  MAGNETIC  PROPERTIES 


In  the  previous  section  it  was  mentioned  that  when  magnetic  resonance  occurs,  a 
reactive  as  well  as  a  resistive  imbalance  occurs  in  the  limiter  bridge  circuit.  The 
reactive  imbalance  is  zero  only  at  the  precise  center  of  the  magnetic  resonance. 

At  frequencies  increasingly  removed  from  the  center  of  the  resonar.ee,  the  reactive 
imbalance  increases  radpidiy. 

Limiting  is  accomplished  by  the  saturation,  or  decrease,  in  the  resistive  imbalance 
with  increasing  r-f  power  level.  The  reactive  imbalance  also  decreases  with 
increasing  power  level;  however,  saturation  of  the  reactive  imbalance  requires  sub¬ 
stantially  higher  r-f  power  levels  than  are  required  to  saturate  the  resistive  imbalance. 
Thus,  to  achieve  limiting  at  reasonable  signal  levels,  the  reactive  bridge  imbalance 
must  be  eliminated  at  all  frequencies  within  the  desired  bsndwidth  of  the  limiter.  The 
degree  to  which  this  "reactive  compensation"  can  be  achieved ,  determines  the 
practical  bandwidths  over  which  frequency  selective  limiting  can  be  obtained.  This 
section  is  devoted  to  describing  the  magnetic  properties  required  tc  eliminate  the 
reactive  Imbalance  over  the  required  bsndwidth.  These  properties  are  discussed 
in  Appendix  VII. 


For  a  homogeneous  dc  magnetic  field,  the  real  and  Imaginary  parts  of  the  imbalance 
impedance,  Za,  are  plotted  in  Fig.  6. 

As  described  la  the  previous  section,  Immersing  the  spin  system  In  a  non-uniform 
magnetic  field  results  la  as  inhomogaaeouely  broadened  resonance  line.  For  the  case 
of  a  constant  gradient  dc  magnetic  field  and  a  uniform  number  of  spins  per  unit 
frequency  interval,  the  reactive  and  resistive  imbalances  are  shown  in  Fig.  7.  The 
spreading  in  the  frequency  domain  la  apparent.  If  limiting  over  some  frequency  range 
between end  a^  is  desired,  the  reactive  imbalance  must  be  reduced  to  a  very  small 
value  over  this  tame  frequency  range.  Otherwise,  the  reactive  bridge  imbalance  will 
"mask"  the  reduction  in  resistive  Imbalance  caused  by  saturation. 


IS 


Fig*  6.  Relative  Bridge  Imbalance  Impedance  due  to 
Spins  In  a  Uniform  Magnetic  Field 
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Fig.  9.  Cavity  Cross  Section  and  DC  Field  Configuration 
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3.1 


Bandwidth  Enhancement  (Reactive  Compenaa.  n) 


The  approach  used  to  recuce  reactive  inbaiacce  ever  t'r.e  ieslree  1  i 1  •. e r  ver.a- 
-iith  13  discussed  in  Appendix  !•..  I>iis  approach  to  reactive  'o~per.sa*  ior. 
involves  a  shaping  of  the  absorber  vci-u-e  to  achieve  a  ustrit .  •  . o:  srir.s 
per  unit  frequency  interval  vr.i'h  is  peaxeu  near  tr.e  rar.l  .  he  iis*rl- 

bution  showr.  in  figure  "  is  discussed  on  page  t-  a!  ppemix  I  ar.d  is  sr.ovr. 
to  double  the  useful  Uniter  bandwidth  ccnrare:  t.  a  ur.ircr-  spin  listribu-  1  r.. 

3.2  _ Phyalcal  Rea. Uatlon  of  Spin  Dlatrlbutlon 

A  spin  dlatrlbutlon  superior  to  that  ahown  in  Figure  7  can  be  obtained  hv  using  a 
re-entrant  cavity  filled  with  absorbing  material .  If  the  dc  magnetic  field  la  parallel 
to  the  z-axls.  and  the  field  gradient  is  uniform  along  the  x-axls.  then  the  position 
along  the  x-axls  la  equivalent  to  frequency.  It  can  be  seen  that  the  highest  concentra¬ 
tion  of  spina  per  unit  frequency  Interval  will  occur  for  values  of  x  equal  to  the  center 
conductor  radlua.  The  resulting  spin  distribution  is  shown  In  Figure  9.  This 
distribution  is  peeked  near  the  band  edges ,  as  desired. 

3.3  _ Imbalance  Impedance  of  Re-Entrant  Cavities 

The  impedance  imbalance  characteristics  of  the  cavities  used  in  the  limiter  model  is 
calculsted  in  Appendix  I.  The  results  are  Indeed  quite  striking  ss  can  be  seen  from 
Figure  9,  the  theoretical  reactance  Imbalance  is  zero  for  aP  frequencies  between  the 
two  peaks  of  die  spin  distribution  function.  The  practical  significance  of  this  Is  that 
the  magnetic  field  variation  serosa  the  cavity  center  conductor  determines  the  useful 
limiter  bandwidth.  Comparison  of  Figures  7  and  9  (solid  curve)  shows  the  theoretical 
improvement  in  useful  limiter  bandwidth  using  this  reactive  compensation  technique . 

As  discussed  in  Section  4.2,  parameters  consistent  with  s  3  kc  bandwidth  were  selected 
for  die  model. 
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4.0 


CIRCUIT  THEORY 


4. 1 _ Insertion  Loss 

The  complete  re-entrant  cavity  circuit  la  given  in  Fig.  10.  The  equivalent  circuit 
8h'>wn  in  Fig.  11  will  be  used  to  calculate  Insertion  toes  and  saturation  level.  In 
this  figure.  ra  represents  the  power  absorption  of  the  spin  system.  It  will  be 
assumed  that 

r*»  ro 

i.e.  .  that  the  cavity  wall  losses  far  exceed  the  power  absorbed  by  the  spin  system. 
Neglecting  ra  in  comparison  to  rQ.  the  impedance  looking  into  the  output  terminals 
is  found  to  be 

z.« « irGic,  ♦  r*  ja,L* 


If  C2  is  adjusted  to  tuns  out  the  reactance  caused  by  and  M2 .  then 

The  tuning  condition  for  C2  la 

CU*  "  cJlT*^)  . 

Setting  Rl  »  ®0 ,  and  r%  *  mo  ,  the  current  circulating  through  the  secondary  of  the 
transformer  with  the  input  signal  source  connected  is  given  by 

*  ~  r.  R9  *  2  4-  r»kja3Ct  +JWL.)  . 

If  Cj  is  chosen  so  that 


tbs  circulating  current.  1,  will  be  maximlned,  and  equal  to 


it 


It  is  Important  that  circuit  parameters  be  adjusted  an  as  to  maximize  I.  If  the  circu¬ 
lating  current  is  a  maximum,  the  imbalance  voltage  produced  by  the  introduction  of 
the  Imbalance  resistance .  ra,  will  also  be  maximum.  I  will  attain  its  greatest  value 
when  the  input  impedance  of  the  bridge  is  matched  to  the  generator  impedance,  R-. 

o 

The  value  of  mutual  inductance.  Up  needed  to  attain  this  match  can  be  found  by  setting 


31 
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-G 
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This  leads  to  the  condition 


lor  which 


If  ra  is  placed  in  parallel  with  rQ,  a  change  In  resistance  of  A  R  ohms  will  occur. 

AR.r.IUiu 

'•  fi»r»  r« 

The  bridge  imbalance  voltage  with  the  output  open  circuited  will  be  1 A  R  volts. 

'--’a S%r 

The  Thevenln  equivalent  of  the  bridge  is  shown  below  In  Fig.  12, 


FW^frrs 


■O 
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Fig.  12.  Thevenln  Equivalent  Circuit 


(2) 


From  this  equivalent  circuit,  insertion  loss  is  found  to  be 

1  -  ^  A  iC 

V'/4*~  * 


For  a  typical  limiter  with  3  kc  bandwidth,  operating  at  30  me  ami  at  room  temperature. 

-£*-  =  100.  According  to  equation  (2),  this  gives  an  insertion  loss  of  46  db.  The 
ro 

ratio  ra/rQ  is  the  reciprocal  of  the  ratio  Ra/Ro  discussed  in  Appendix  VIII.  Ibis  is 
because  F^is  the  effective  series  resistance  of  the  inductor  due  to  nMR  absorp¬ 


tion  vr.ile  rR  is  the  equivalent  shunt  resistance  for  a  parallel  resonant  cir¬ 
cuit.  Using  the  dependence  of  F^/Rq  upon  frequency  and  bandvidth  as  developed 
in  Appendix  VIII,  insertion  loss  versus  bandvidth  curves  can  be  plotted  for  the 
reentrant  cavity  circuit.  (3ce  Fig.  1*.) 


4.2 _ Optimum  Cavity  Design 

In  order  to  achieve  the  minimum  email-signal  insertion  loes,  as  shown  in  the  previous 
section,  the  ratio  of  power  loet  in  the  spin  system  to  power  lost  in  the  wall  of  the  cavity 
must  be  maximized.  The  wall  loeset  for  a  TEM  mode  in  a  short  coaxial  line  are 
compared  In  Appendix  II  to  the  power  absorbed  by  the  spin  system.  For  a  given  ratio 
of  cavity  length  to  outer  radius,  the  insertion  loes  can  be  minimized  by  proper  choice 
of  the  ratio  of  outer  to  inner  cavity  radii.  For  convenience,  the  ratio  of  length  to  outer 
radius  was  chosen  to  be  2;  the  optimum  ratio  of  outer  to  inner  radii  in  this  case  is 
found  to  be  2. 24 

The  cavity  length  was  restricted  by  the  2  Inch  gap  between  magnet  pole  pieces.  Taking 
this  restriction  and  the  considerations  above  into  account,  the  cavity  dimensions  were 
determined.  These  are  shown  in  Appendix  n. 

This  analysis  for  an  optimum  re-entrant  cavity  has  placed  no  restriction  on  the 
saturation  level  or  line  width  which  tie  designer  may  choose. 


fcf)  *soi  «OT^ao*ui  precis  nwg 
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Fig.  13.  Insertion  Loss  vs.  3nndvidth  for  Uncooled  Lir.iter 


4.3 


Saturation  Level 


In  some  cases,  saturation  level  and  selectivity  may  be  altered  by  two  types  of 
diffusion.  One  effect  is  the  Brownian  motion  in  which  unsaturated  spins  move  from 
a  region  of  dc  magnetic  field  corresponding  to  the  interference  signal  frequency  to  a 
field  corresponding  to  a  frequency  more  than  one  line  width  removed.  This  results 
in  saturating  more  than  the  necessary  number  of  spins  and  results  in  a  higher 
saturation  level.  The  other  effect  is  one  of  spin  diffusion  by  the  process  of  mutual 
spin  flips  and  has  a  similar  effect  on  the  saturation  level. 

The  problem  of  Brownian  motion  is  considered  in  Appendix  HI.  For  a  frequency 
selective  limiter  with  a  selectivity  on  the  order  of  one  cycle  and  a  bandwidth  of  3  kc, 
the  motional  diffusion  is  found  to  be  negligible. 

Spin  diffusion  by  mutual  spin  flips  is  also  considered  in  Appendix  III.  With  similar 
assumptions  concerning  the  frequency  selective  limiter  characteristics  the  spin 
propagation  rate  is  only  1/29  of  the  selectivity  per  second  and  thus  may  also  be 
neglected. 

Since  diffusion  effects  are  negligible,  the  saturation  level  analysis  given  on  page  71* 
of  Appendix  IV  (which  neglects  diffusion  effects)  css  be  applied  to  the  circuit  of 

Figure  11.  The  saturation  power  (input  threshold  power)  is  found  to  be 

=  (3) 

wHcn? 

T|  *  Spin  lattice  relaxation  time 
T2  -  Inverse  line  width 
V  =  Total  cavity  volume 
Unloaded  cavity  Q 

For  the  experimental  model ,  3  415,  V  =  50  cc,  Tj  3  T2  =  0. 075  sec  giving 

Psst  —  -3^.5  dbm 
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5.0 


INTERMODULATION 


To  predict  the  limiter  Inter  modulation  characteristics.  Bloch's  equations  were  solved 
for  the  case  of  two  applied  signals  having  angular  frequencies  Uij  andab  and  power 
levels  Pj  and  .  Approximate  solutions  were  obtained  by  using  a  Fourier  series 
expansion  for  the  components  of  magnetization  in  a  coordinate  system  rotating  in 
phase  with  one  of  the  applied  signals.  The  recursion  relations  found  between  the 
Fourier  components  of  magnetization  were  solved  approximately  for  two  separate 
cases.  These  components  were  then  integrated  over  the  field  inhomogeneity  to 
determine  the  limiter  output  voltage.  (See  Appendix  IV) 

Case  I 


If  it  is  assumed  that  the  two  input  signals  are  sufficiently  spaced  in  frequency  so  that 


M 

Pm 


»! 


where  T|(U)t  -CU,)  la  the  frequency  separation  in  11  new  id  ths. 

It  is  found  that  the  only  significant  intermodulation  products  occur  at  the  frequencies 
2(J- and  ZUix  -  (J| .  The  magnitudes  of  these  products  are 


where  f^.|p  is  the  limiter  output  power  at  c O,  when  no  signal  is  present  at 
Intermodulalion  power  for  this  caee  varies  Inversely  with  the  fourth  power  of  frequency 
separation.  If  P2  is  well  above  saturation,  power  at  the  frequency  2.00 t-U>, 

will  va:*y  as  the  square  of  P2  and  will  be  the  most  significant  product  if  P2  ))  Pj. 


M 


Curves  showirg  the  variation  of  P^*"'***!  wlth  frequency  separation  are  shown  in 

p. 

Fig.  14.  for  the  case  where  -p-*-  1.  For  a  limiter  with  1  cps  selectivity  these 

*sat 

curves  show  that  intermodulation  power  w  ill  be  at  least  20  db  below  signal  output 
power  with  a  50  cps  separation  providing  P.,  *s  no  more  than  30  db  above  saturation. 

Case  11 

If  Pj«  Pg,  as  would  be  the  case  when  a  small  desired  signal  is  subjected  to  a  large 

degree  of  coherent  interference,  it  is  found  that  the  only  significant  intermodulation 

product  occurs  at  -iCJo  Intermodulation  level  is  illustrated  in  Fig.  15  as  a 

function  >f  frequency  separation.  From  these  curves,  it  can  lie  concluded  that  no 

significant  intermoduiation  powei  will  be  generated  when  a  small  signal  mi\es  with  a 

large  signal  In  the  limiter.  The  most  important  effect  will  be  suppression  »i  the 

small  signal  which  occurs  when  the  frequency  separation  is  comparable  to  the 

selectivity.  This  effect  is  illustrated  in  Fig.  16.  The  presence  of  a  large,  saturating 

signal  at  UL  causes  a  "hole”  of  width  —  il  1  *  -^2. 

*2  T  "sat  t0  aPPear  ln  fhe  limiter  pass- 

band.  The  effect  of  these  "holes”  upon  output  signals  is  discussed  in  Section  6  and  in 

Appendix  V. 
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ANALYSIS  OF  LIMITER  PERFORMANCE 


6.  0 

In  order  to  determine  the  effect  oi  a  frequency  selective  limiter  on  system  performance 
the  steady  state  and  transient  response  of  the  limiter  has  been  studied  for  the  following 
types  of  interference 

1*  CW 

'-)  Frequency -swept  CW 
31  Pulsed  CW 
4)  Noise 

t>.  1 _ Steady  State  Analysis 

In  Appendix  V,  the  error  introduced  in  an  arbitrary  signal  by  coherent  (unmodulated  or 
periodically  mjdulated)  Interference  is  calculated.  This  error  is  introduced  in  .  .  o 
ways,  by  the  presence  of  interference  power  at  the  limiter  output,  and  by  the  suppression 
of  those  portions  of  the  desired  signal  spectrum  which  are  close  to  the  major  spectral 
components  of  interference.  An  expression  which  permits  the  calculation  ot  error 
once  the  power  spectral  densities  of  the  signal  and  interference  are  known  is  given  in 
Appendix  V. 

The  basic  properties  ol  the  limiter  in  various  Interference  environments  can  be  brought 
out  by  assuming  simple  rectangular  apectrums  for  both  the  desired  signal  and  the 
interference.  As  shown  in  Fig.  17  the  signal  bandwidth  is  denoted  BR.  the  interference 
bandwidth  la  denoted  Bj .  and  the  spacing  of  interference  components  is  f ,  the 
modulation  frequency. 

Error  ia  expressed  in  terms  of  cn  equivalent  interfcrence/signal  ratio  which  ia  defined 
rigorously  in  Appendix  V.  For  the  model  spectra  shown  in  Fi&.  17.  this  ratio  is 


Interference  Power  Output 


(pyVf 


Signal  Power  Output 


(7) 


where 

N  -  Number  of  components  of  interference  power 
M  Number  of  components  of  inU'derence  power  which  fall  within 
the  signal  pass  band 
Pj  Interference  power  level  at  input 
P  Signal  power  level  at  input 

d 

The  above  expression  is  plotted  as  a  function  of  input  interference  signal  ratio  in 
Fig.  18  A  signal  bandwidth  of  3  kc  and  a  selectivity  of  1  cps  has  i*een  assumed. 

Fig.  19  shows  the  effect  of  variations  in  Bj  and  y  upon  the  error  between  desired 
and  actual  signals.  Equivalent  interference  signal  ratio  is  plotted  as  a  fun<  tion  of 
interference  bandwidth,  Bj,  with  modulation  frequency,  Srv  .  as  a  parameter.  An 
input  interference/ signal  ratio  of  20  db  is  assumed,  so  that  when  no  limiter  is  used, 
the  output  interference /signal  ratio  is  20  db  for  Bj  <  B-  and  decreases  linearly  as 
Bj  Increases  beyond  the  Signal  bandwidth  (Bj  ^  Bg».  When  no  limiter  is  used,  the 
equivalent  interference/aignal  ratio  is  independent  of  modulation  frequency,  but  with 
the  limiter  this  ratio  decreases  sharply  as  increases.  This  is  because  the 
interfering  power  ia  concentrated  in  fewer  in-band  spectral  components  which  can 
be  effectively  limited. 

Using  the  information  contained  in  Figs.  18  and  19,  generalizations  can  be  drawn 
about  the  performance  of  the  limiter  in  a  variety  of  interference  environments. 

1)  CW  Interference 

Fig.  18,  with  M  -  N  ’  1  shows  the  improvement  (in  equivalent  interference /signal 
ratio)  which  results  when  the  limiter  Is  used.  Improvements  up  to  30  db  are 
possible,  with  the  greatest  improvement  occurring  at  high  input  interference  leveis. 

2)  Frequency -Swept  CW 

This  case  can  be  treated  approximately  by  taking  to  be  the  fundamental  fre¬ 
quency  of  the  periodic  modulation  and  Bj  to  be  the  frequency  deviation.  Fig.  19 
shows  that  the  worst  case  occurs  when  frequency  deviation  is  equal  to  the  signal 
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bandwidth  and  the  modulation  frequency  is  low.  For  mo  ulatiun  frequencies 
greater  than  30  cps.  however,  equivalent  interference  signal  ratio  can  be  reduced 
_'0  db  and  more. 

3)  Pulsed  CW 

For  this  case.  ^ m  is  taken  to  be  the  pulse  repetition  frequency,  and  Bj  is  taken 
to  be  the  inverse  pulse  width.  The  worst  case  occurs  when  inverse  pulse  width 
is  equal  to  the  signal  bandwidth  and  the  modulation  freque~'-y  is  low.  For  example 
with  a  repetition  rate  of  3C  cps  and  a  duty  cycle  of  about  I'i .  equivalent  interference 
signal  ratio  ia  improved  by  20  db.  If  the  duty  cycle  is  increased  ar.  even  greater 
improvement  occurr  because  the  interference  spectrum  tends  to  concentrate  in 
just  a  small  portion  of  the  signal  bandw  idth.  If  the  duty  cycle  is  made  shorter 
than  1%.  interference  power  is  wasted  cutside  the  signal  bandwidth,  and  equivalent 
interference/ signal  ratio  again  improves. 

4)  Noise 

The  operation  of  the  limiter  in  a  heavy  noise  environment  has  not  been  studied 
analytically;  however,  certain  conclusions  can  be  drawn  by  considering  the  case 
where  the  model  spectrum  Is  very  dense,  i.  ?.  .  0.  As  can  be  seen  from 

Fig.  19,  the  curves  of  interference/signal  ratio  versus  Bj  tend  toward  the  curve 
which  applies  when  no  limiter  is  used.  This  is  sn  indication  that,  in  a  noise 
environment,  the  limiter  behaves  M  a  linear  device,  neither  improving  nor 
degrading  interference/signal  ratio.  Because  noise  powe  r  is  spread  uniformly 
over  the  limiter  bandwidth,  saturation  occurs  only  when  sufficient  noise  power  is 
available  to  saturate  all  the  spins  rather  than  just  a  small  localized  volume .  For 
a  limiter  with  a  3  kc  bandwidth  and  1  cps  selectivity,  the  noise  saturation  power 
will  be  approximately  30  db  greater  than  the  cw  saturation  power. 

If  an  accurate  estimate  of  system  performance  ia  desired,  more  detailed  information 
about  the  signal  and  interference  power  spectra  can  be  inserted  in  equation  (81)  of 
Appendix  V.  If  the  signal  and  interference  spectra  tend  to  concentrate  in  the  same 
areas,  it  will  be  found  that  the  estimate  of  equivalent  interference/signal  ratio  given 
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by  Fig.  19  is  somewhat  optimistic.  On  the  other  hand,  if  the  signal  ano  interference 
spectra  tend  to  concentrate  in  different  areas,  the  equivalent  interference/signal 
ratio  will  be  smaller  than  predicted  by  Fig.  19. 


f.2 _ Transient  Response 

The  steady  state  analysis  for  coherent  interference  has  been  discussed  in  terms  of 
the  equivalent  interference/signal  ratio.  The  transient  effects  will  now  be  considered 
by  first  establishing  the  effect  of  the  limiter  on  a  unit  step  of  cw  interference. 

Starting  from  Bloch’s  equations,  and  using  a  Laplace  transform  method  of  solution 
as  shown  in  Appendix  VI,  the  frequency  response  of  one  magnetic  resonant  particle 
(Tacre  accurately,  the  response  of  a  volume  small  enough  so  that  HQ  can  be  considered 
uniform)  was  determined.  To  account  for  the  inhomogeneously-broadened  resonance, 
the  frequency  response  of  individual  particles  was  integrated  over  the  field  inhomo- 
genity.  The  resulting  transient  response  is  found  to  provide  an  important  contribution 
to  the  resistance  imbalance  only.  Even  if  a  rectangular  distribution  of  spins  with 
respect  to  frequency  had  not  been  assumed ,  the  transient  effects  would  be  essentially 
the  same  and  would  be  of  minor  importance  in  the  reactance  imbalance  of  the  bridge. 
This  major  transient  in  the  real  part  of  the  bridge  imbalance  impedance  is  found  to 
be  proportional  to  an  exponentially  Decaying  Bersel  function  ae  shown  in  equation  (8). 


where 


FSL  output  voltage 


Zeroth  order  Bessel  function 


r«7>r* 
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Id  Fig.  20  the  transient  output  voltage  of  the  bridge  for  a  switched  cw  input  ia  shown 
for  two  degrees  of  saturation.  It  is  important  to  note  that  the  transient  signal 
leaving  the  bridge  will  decay  in  a  time  at  least  as  abort  as  y .  The  relaxation  time, 
is  0.075  seconds  for  the  experimental  limiter,  but  can  vary  between  10~‘*  to  10 
seconds,  depending  upon  the  absorber  material.  The  major  portion  of  the  transient 
is  limited  in  a  time  of  .  This  m  ana  that  the  further  the  input  signal  level  is 
above  the  saturation  level,  the  lean  lime  la  required  for  saturation  of  the  absorber 
and  subsequent  reduction  in  bridge  output. 

The  trnusient  response  for  a  unit  step  in  any  coherent  interference  can  be  discussed 
in  terms  of  the  above  result  by  first  determining  the  Fourier  spectrum  of  the  inter¬ 
ference  under  consideration  and  treating  the  components  individually.  The  spectral 
components  In  the  lnterferirg  a  gnal  must  be  spaced  at  a  distance  greater  than  the 
chosen  limiter  selectivity. 


Each  spectral  component  of  coherent  Interference  signal  will  contribute  a  leakage 
spike  of  the  form  shown  in  Fig.  20.  The  leakage  spike  energy  in  proportional  to 


Spike  Energy 
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The  major  contribution  will  occur  in  the  first 
la  nearly  proportional  to 


2.3 


seconds  so  that  the  spike  energy 


Spike  Energy  aC  fa*.* 


(10) 


for  signals  above  the  limiting  threshold.  This  shows  the  spike  leakage  ia  proportional 
to  uv 


The  wave  shapes  shown  in  Fig.  20  were  observed  in  the  laboratory. 
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EXPERIMENTAL  RESULTS 


At  the  conclusion  of  tills  program  the  laboratory  model  frequency  selective  limiter 
exhibited  the  following  characteristics: 


Experimental 

Design 

Results 

Goal 

Center  Frequency 

30  me 

30  me 

Bandwidth 

IS  kc 

3  kc 

Limiting  Range 

15-35  db 

>20  db 

Insertion  Loss 

52  db 

<  50  db 

Saturation  Level 

-36  dbm 

>  -40  dbm 

Small  Signal  Selectivity 

2  cps 

^  100  cpa 

Intermodulation 

16  db  below  small 

(with  64  cpa  signal  separation)  signal  output  level 


Experimental  techniques  and  results  will  be  discussed  in  detail  in  this  section  and , 
finally,  the  limiter  configuration  will  be  described. 

7.1 _ Bandwidth  and  Limiting  Rang? 

The  usable  bandwidth  of  the  limiter  is  determined  by  the  range  of  frequencies  over 
which  reactive  bridge  imbalance  is  small.  A  block  diagram  of  the  setup  used  to 
measure  reactive  bridge  imbalance  is  shown  in  Fig.  21.  The  dc  magnetic  field  was 
moved  through  the  resonance  line  in  increments  of  approximately  .  1  gauss  and  output 
voltage  (which  is  proportional  to  bridge  imbalance  Impedance)  was  measured  using  a 
Stoddart  NM-30  field  intensity  meter.  The  signal  applied  to  the  limiter  was  40  db 
above  saturation  so  that  bridge  imbalance  was  essentially  reactive.  A'ter  each 
increment  in  magnetic  field,  5  seoonde  was  allowed  for  the  limiter  to  come  to  full 
saturation  before  reading  the  output  voltage. 
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The  cavity  position  used  for  all  experiments  is  Indicated  in  Ft*.  25.  The  total 
transverse  field  variation  at  this  position  ia  approximately  4. 5  kc  while  the 
longit.idinal  variation  is  approximately  0. 2  kc.  If  smaller  overall  cavity 
dlmensiooswere  used,  or  if  specially  shaped  pole  pieces  were  used,  it  is  likely 
that  a  far  closer  approximation  to  the  require''  field  distribution  could  be  obtained. 

7.  2 _ Insertion  Loss 

Insertion  loss  was  measured  us  inf  the  setup  shown  in  Ft*.  26.  A  CO  me  signal 
from  a  50  ohm  source  was  passed  through  the  limiter  and  into  a  50  ohm  r-f  volt¬ 
meter  (Stoddart  NX  30- A  preceded  by  a  10  db  attenuator).  Next,  the  limiter  was 
bypassed  completely,  and  attenuation  was  added  to  the  signal  source  until  the 
voltmeter  reading  was  equal  to  that  obtained  with  the  limiter  in  the  circuit 
Insertion  lose  was  found  to  be  52  db;  this  compares  fav>  rably  with  the  theoretical 
figure  of  4*  db  given  la  Section  4. 1.  Time  restrictions  made  it  impossible  to 
match  the  input  and  output  Impedances  to  the  meaaurlag  equipment.  With  proper 
Impedance  matching,  the  insertion  loss  could  be  reduced  considerably. 

7.3 _ Saturation  Level 

According  to  Section  4. 3,  the  saturation  level  la  given  by 

•r**/-€ 

The  cavity  volume  is  60  cc  and  its  measured  Q  (unloaded)  la  415.  For  the  trans¬ 
former  oil  used  la  the  limiter, 

T,  *  Ti  t  0.076  sec. 

This  value  waa  determined  by  finding  the  r-f  magnetic  field  level  at  which  the  real 

p*n  *“  “  7^^'“  «-•»««'  ■>«•*  - 

ualag  tbs  saturation  condition 
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The  measured  value*  of  Q0,  Tj  and  T2  five  a  theoretical  saturation  level  of  -34. 5 
Ifaes.  The  measured  saturation  level  is  -36  dbm. 

7.4 _ Selectivity  and  Intermodulation 

The  measured  values  of  Tj  and  T2  (0. 07S  sec)  indicate  that  the  small  signal  selec¬ 
tivity  should  be  2. 1  cpe.  Selectivity  was  measured  approximately  using  the 
technique  diagrammed  in  Fig.  27.  A  signal  with  10*1  sinusoidal  amplitude  modu¬ 
lation  was  applied  to  the  limiter.  The  input  power  level  was  adjusted  so  that  the 
carrier  power  was  above  the  limiter  saturation  level  while  the  two  sidebands  were 
below  saturation.  Selective  limiting  of  the  carrier  was  manifested  as  an  increase  in 
percentage  modulation  as  viewed  on  an  oscilloscope.  The  modulation  frequency  was 
then  lours  red.  bringing  the  two  sidebands  closer  to  the  carrier,  until  the  output 
signal  modulation  level  was  reduced  to  10$.  This  occurred  at  a  modulation  fre¬ 
quency  of  2  cpe ,  which  is  of  the  same  order  as  the  predicted  selectivity. 

Intc modulation  measurements  were  made  using  the  setup  pictured  in  Fig.  28.  Two 
bettery -powered  crystal  oscillators  were  used,  one  fixed-tuned  and  one  voltage- 
variable.  After  passing  through  variable  attenuators,  these  signals  were  fed  into 
the  limiter  and  thanes  into  a  30  me  receiver.  The  50  kc  receiver  IF  output  was 
fed  Into  a  wave  analyser.  Absolute  input  frequency  was  determined  by  counting, 
sad  frsqeaney  difference  was  measured  using  the  analyze! .  The  analyzer  had  a 
3  ops  selectivity  and  could  be  used  to  measure  the  frequency  and  amplitude  of  inter- 
modulatlon  MOducta  for  signal  spacing*  between  approximately  60  cps  and  200  cpe. 

With  the  fixed  oscillator  output  power  act  at  saturation  and  the  tunable  oscillator  30 
db  above  saturation,  only  one  significant  Intermodulation  component  was  found. 

This  component  had  n  frequency  of  2t*>2  -  j  ns  predicted  by  theory, where 

Wj  ■  fixed  oscillator  frequency 
«  tunable  oscillator  frequency. 

late  modulation  power  was  measured  at  signal  separations  of  64  cps,  106  cps,  150  cps, 
and  186  cps.  Tbs  results  are  comparsd  with  theory  In  Fig.  29.  The  worst  lnter- 
modulatkm  level  occurred  at  a  spacing  of  64  cps  where  Intermodulation  power  was 
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1 G  db  below  signal  output  level  For  springs  beycnd  200  cps,  limiter 

intenr-odulatlon  level  waa  too  low  to  be  measured  with  the  present  experimental 
arrangement.  As  signal  spacing  was  reduced  below  CO  cps,  it  was  found  difficult 
to  hold  the  frequency  spacing  accurately,  and  furthermore  the  intennodul&tion 
component  was  masked  by  the  much  higher  fundamental  components  atwij  and 


7.  3 _ Limiter  Configuration 

Fig.  30  shows  a  photograph  of  the  experimental  frequency  selective  limiter.  The 
absorber  and  dummy  cavities  are  matte  of  copper,  as  is  the  enclosing  box.  The 
center  conductor  length  is  1.7  inches.  This  represents  Jy-  of  a  free  space 
wavelength  at  30  me;  consequently,  it  was  necessary  to  use  a  very  large  (4040^#) 
loading  capacitor.  From  left  to  right  in  Fig.  30  are  shown  (1)  the  ungrounded 
capacitor  plate  (0. 1  inch  copper).  (2)  the  grounded  capacitor  plate  (0.002  inch 
beryllium  copper)  (3)  a  rubber  pressure  disk,  and  (4)  the  cavity  lid  (0. 1  inch 
copper).  A  mica  sheet,  0.0006  inches  thick,  is  sandwiched  between  the  two 
capacitor  plates,  and  the  cover  and  pressure  disk  are  used  to  eliminate  air  gaps 
between  the  capacitor  plates  and  the  mica  dielectric. 

Three  detrimental  effects  result  when  capacitor  air  gaps  exist: 

1)  An  air  gap  as  small  as  0. 0001  inch  can  reduce  capacity  enough  to  make 
resonance  at  30  me  impossible. 

2)  Air  gaps  destroy  the  capacitor  symmetry,  causing  an  azimuthal  variation  in 
r-f  magnetic  field.  This  will  degrade  both  bandwidth  and  limiting  range. 

3)  Air  gaps  cause  capacity  to  fluctuate  with  temperature,  leading  to  bridge 
instability. 
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Although  the  um  of  a  robber  pressure  disk  greatly  reduced  the  sir  space  between 
capacitor  platea  sad  dielectric,  s  certain  small  air  gap  still  exists,  as  evidenced 
by  a  small  drift  la  capacity  with  temperature.  Owing  to  this  drift,  it  has  been 
possible  to  aastntaln  a  satisfactory  bridge  balance  for  only  about  5  minutes  before 
readjustment  is  necessary.  It  is  felt  that  this  drift  problem  can  be  eliminated  by 
bonding  the  capacitor  plates  directly  to  the  dielectric,  thus  eliminating  all  air 
gape.  Temperature  effects  could  also  be  reduced  by  machining  the  cavities  from  a 
metal  with  a  low  thermal  expansion  coefficient,  such  as  Invar.  The  enclosing 
copper  box  should  be  retained,  however,  to  minimize  thermal  gradients  between 
the  cavities. 

The  complete  bridge  circuit  is  shown  in  Fig.  31.  Resistive  bridge  balance  is 
adjusted  by  means  of  a  moveable  coil  (with  series  resistor  and  capacitor)  in 
proximity  to  tha  transformer  secondary.  Capper  plungers,  visible  in  Fig.  30, 
were  used  to  vary  the  reactive  balance,  although  it  was  found  that  these  controls 
also  caused  an  appreciable  change  in  resistive  balance.  Fine  tuning  of  the  cavity 
resonance  was  accomplished  by  me—  of  two  10^f  trimmer  capacitors.  These 
capacitors  could  also  be  used  to  adjust  the  reactive  balance. 

Tha  experimental  results  confirm  the  validity  of  the  theoretical  analysis.  Using 
this  analysis,  accurate  predictions  of  device  characteristics  at  other  frequencies 
and  of  system  performance  can  be  made. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  validity  of  the  bandwidth  enhancement  (reactive  compensation)  technique  was 
confirmed.  The  expected  increase  in  bandwidth  was  not  achieved  primarily  because 
the  required  gradient  in  dc  magnetic  field  was  not  used.  During  this  short  program 
it  was  not  possible  to  devote  sufficient  time  to  design  or  acquire  magnet  pole  pieces 
that  would  produce  the  required  magnetic  field  distribution.  Nevertheless,  a  20  db 
improvement  in  gain- bandwidth  product  over  past  models  was  achieved.  Operating 
with  the  correct  field  distribution ,  the  model  developed  during  this,  prog-  am  will 
meet  or  exceed  a  3  kc  bandwidth  with  no  modification. 

The  late  modulation  analysis  shows  that  a  high  amplitude  interfering  signal  which  is 
being  limited  by  as  much  as  30  db,  and  which  If  only  SO  cps  removed  from  a  desired 
signal,  will  generate  lntermodulation  products  which  are  20  db  weaker  than  the 
desired  signal,  and  will  thus  be  negligible.  This  was  confirmed  by  experiment. 

The  analysis  also  shows  that  under  these  same  conditions,  the  amplitude  suppression 
of  the  dasired  signal  will  be  negligible.  This.  too.  was  confirmed  by  experiment. 

This  study  has  indicated  that  this  device  will  provide  from  20  to  30  db  of  suppression 
to  either  a  cw  interfering  signal  or  to  a  modulated  interfering  signal  with  modulating 
frequencies  greater  than  30  cpe.  The  limiter  displays  the  unusual  property  of 
limiting  faster  on  a  high  amplitude  transient  than  on  a  somewhat  lower  amplitude 
transient. 

The  most  significant  problem  encountered  during  the  experimental  program  was  bridge 
Instability.  This  problem  resulted  primarily  because  the  electrical  characteristics 
of  the  cavities  were  not  sufficiently  stable  with  changes  In  ambient  temperature. 

This  problem  can  be  solved  by 

1)  building  the  cavities  out  of  a  thermally  stable  material  such  as  Invar,  and 
3)  eliminating  the  small  air  gap  between  the  dielectric  and  capacitor  plates  by  using 
vacuum  deposition  techniques  to  fabricate  the  capacitor. 


To  dmiop  this  interference  ivpprmloo  technique  further,  it  is  recommended 
that  the  following  items  He  investigated: 

1)  The  existing  cavities  should  be  replsced  with  cavities  with  improved  thermal 
stability . 

2)  The  existing  device  should  be  placed  in  the  properly  distributed  magnetic  field 
and  the  bandwidth  performance  measured. 

3)  The  performsnce  of  the  limiter  in  a  suitable  receiving  system  should  be  Investi¬ 
gated. 

4)  Performance  of  the  limiter  with  complex  signals  should  be  evaluated. 

5)  Methods  of  reducing  the  insertion  loss  such  as  pumping  or  cooling  should  be 
studied. 

This  seven-month  program  has  established  dm  feasibility  of  developing  this  highly 
selective  limiter.  This  new  device,  which  is  very  effective  against  many  type*  of 
coherent  interference,  should  provide  s  valuable  addition  to  the  many  existing 
technique*  for  inereasiag  the  Jam  resistance  of  communication  and  radar  systema. 
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APPVDDC  I 


DCAIASCE  OtFCQABCt  Of  RS-OTRAIT  OVITT 


The  object  of  the  following  discussion  is  to  determine  the  reactance  con' 
trlbuted  to  a  re-entrmnt  cavity  by  the  paramagnetic  ante riel  with  which  it 
is  filled.  Let  Fig.  3 2  illustrate  sn  ex  1*1  view  of  the  cavity  which  la 
imasrsed  In  a  non -uniform  dc  magnetic  field  whoae  gradient  (assumed  constant) 
Is  along  the  x-axls.  The  magnetic  resonant  frequency  corresponding  to  the 
magnetic  field  Hc  seen  at  x  •  0  will  be  denoted 

u L.  ~ 

We  can  relate  a  spatial  position  to  a  aagnetlc  resonant  frequency  by 

x  • 


*<  Is  a  constant  of  proportionality. 


Tbs  total  power,  Pft  ebeorbed  by  the  spin  ays  tea  froa  an  rf  field 
fouad  within  the  cavity  can  be  expressed  as 


!•  tba  absorption  lias  shape  (with  aree  arbitrarily  noraalized 
to  2)  and  A,  la  a  constant.  Since  j1  we  have 


&+»  *  A.  J1 


The  integrand  is  the  product  of  two  functions  of  *t . 


for  the  case  where  the  line  width  1*  mcb  —Her  than  the  spread  of 
■apietlc  resonant  frequencies  across  tba  center  conductor  of  the  cavity 

-L  //  <<  4  »  the  11m  dmpe  my  be  considered  two  delta  functions  when 

'a 


It 


compared  to  the  factor  -*>.  (since  the  latter  fvinction  varies  slcwly 
mr  the  region  of  Integration,  changing  at  noet  by  a  factor  of  (  ). 

Using  Flu,.)  £  ’  ***  W-  intesratiCr‘  then  glV'S 


(12) 


where  the  in  teg  ns  t  ion  Halts  depend  on  the  applied  frequency  a/,  and  tie 
path  of  integration  is  now  vertical  in  the  annular  region.  Along  this 


path  of  integration. 


V. 

) 


t-Jr  -  yJj 


such  that 


/jr/ao  ^ 


[ 


negligible  term  from 
the  -•*/  doaaln  to  be 
evaluated  later. 


] 


More  specifically. 


S  ♦  *  4  ^  iu  (  vt  e-g  a 


a/ <  t/.t-ig 


O 


elsewhere  (13) 


fl 


Th«  associated  reactance  can  be  found  fro*  the  Krawrs-Kronlg  relations. 


Since  the  Integrand  Is  both  single  valued  and  Identical  for  each  integral, 
the  value  of  these  integrals  is  determined  uniquely  by  the  integrand  and 
the  total  region  of  integration  in  the  fr*  u  spece.  The  three  regions 
corresponding  to  the  three  integrals  combine  ae  shovr  below. 


but  this  integral  can  be  expressed  as 

r 


XM  -  ^  f 


Juj '  J  r 


(15) 


This  is  the  saw  integral  obtained  by  finding  the  contribution  to  the 
reactance  by  individual  rings  of  width  Jr  at  radius  r  .  The  above 
integral  can  be  cosgOeted  and  for  J  —  "***«•  J  the  *  integration  gives 
aero.  This  wans  that  each  ring  contributes  no  reactance  to  frequencies 


j 


n 


(iu) 


3  -  - 


such  that  where  r  is  the  radius  of  the  rit^.  Thus,  for 

j  Yiw  j  «  c?  *  7be  aB^v  contribution  to  the  n.  ctance  can  came 

frc*  the  "negative -froquency-rl  .■mln"absorptlon.  (The  second  integral  in 
expression  12). 


The  contribution  to  the  reactance  due  to  absorption  afnegative  frequencies 
can  be  determined  by  finding  the  contribution  to  the  reactance  at  negative 
frequencies  due  to  absorption  at  positive  frequencies.  The  Integral  given 
in  (15)  swat  then  be  confuted  in  the  region  b  <  ^^^Sjr  ^  «t  r* 

The  a/7  integral  can  be  ccmpleted,  leaving 


Without  the  integral  over  r  shown  in  (16)  we  have  the  reactance  contributed 
by  each  ring  at  r  and  of  width  Jr  ;  consequently  the  egression  in  (17) 
is  mll4  for  all  outside  ivt  tKa 


The  reactance  at  wce(ii 

X (-^ « ^  zh,. 

3  tz. 


^  * 


n 


cut  aL  »  * 9  ,  ud  An  i.14^  with  **^C  »  ilt($a)(/o*) 

thus, 


this  la  also  the  a—  reactance  contributed  (by  the  absorption  at  negative 
'  )  to  the  reactance  within  the  uaable  band  of  *•»  be  the 

y  yy  found  within  the  center  conductor  of  the  coaxial  re-entrant  cavity. 


The  reactance  seen  at  |e-*w»  la 


X  (  i*-*-*j 


=  - 
m  4,*<  ( Xar  i  ('/o’*  ^ 


a,  1 

~  J 


Thus,  the  ln-band  reactance  contributed  by  the  absorption  at  negative 

i 

frequencies  la  down  by  nearly  10  froa  that  found  at  the  outside  of  the 
coax  chaaber. 


The  reactance  at  frequencies  *•/  corresponding  to  a/_»  v  Af  for  values  of 
H0  found  within  the  annular  region  of  the  coax  cavity,  hut  outside  the 
caster  conductor,  le  easily  found.  The  reactance  at  any  <*/„,-•<.«  <w<  «*/*-*. i 
or  (a<w4^a«  would  only  be  contributed  by  absorptions  In 

/  *k/  -WU  / 

rings  located  at  a  —liar  radius  than  — g —  Tbs  total  reactance  at 

— gr  frsqusacy  In  the  above  range  cam  than  ba  expressed  as 

X  a 


-  Ai  T- 


*.-»*/* 


U, 


•4 


The  resulting  reactance  now  baa  the  fen 


r 


<9 


—  ~  -t~c  <C  «  to 


) 


A 


r 


»  4.  ^  ■ 


A* 


U,  -ujm 


J  4  !  ! 


<  4 


—  4  a  .-  u-  -  ^  -  «<  i 

*  ^  <T  -«wc  s 


''  '  i  7 

A.  >  I 

J 

/4“  /  >*. 


where  negative  frequency  contributions  have  been  neglected.  Fron  equation 
(13),  the  corresponding  resistance  is 


r 


(*)  -  1 


. . - 


r  -»/  <4-4t 

4  -- —  I  I  77i 


•*v- 


/«*  -*•'*/  >  *  a 


APPENDIX  II 


OPTIMUM  CAVITY  CESIGN 

In  order  to  determine  the  best  iiaensione  for  the  re-entrant  cavities  to  be 
used  in  the  frequency  selective  limiter  bridge  circuit,  the  criterion 
should  be  to  maximize  the  ratio  of  the  power  absorbed  by  the  spin  system 
to  the  power  lost  in  the  walls  of  the  cavity.  At  the  same  tlac  the  length 
and  outer  cavity  radius  will  remain  fixed  (as  restricted  by  the  dimensions 
of  the  Mgnet  utilized),  the  magnitude  of  the  Inner  radius  will  be  varied. 

Assvadng  a  TEH  node  in  a  short  coaxial  cavity  ( inclining  end  plates),  the 
paver  loet  in  the  walls  (Pm1  t  , )  is  found  to  be 

£•*  A  J>  *  ir  5-J  (ie, 

'**M  L  •  length  of  cavity 


Aa  explained  In  Appendix  I,  there  Is  no  additional  reactance  (due  to  th~ 

spine)  at  Magnetic  resonant  t  mquenclea  corresponding  to  the  values  of 

Intercepted  by  the  center  conductor  of  the  re-entrant  cavity.  Furthermore, 

/ 

since  any  Maturation  of  X  at  one  frequency  will  not  change  the  reactance 

at  that  frequency  (but  will  slightly  change  the  reactance  at  adlolniig 

/ 

frequencies)  we  win  neglect  the  effects  of  )C  The  power  absorbed 
can  be  found  In  the  narrow  llnevldth  approximation  by  evaluation  of  aquation 

(13). 

Defining  “V,  es  the  'lowr  frequency  corresponding  to  the  Hm  in  band  center. 


where 


li 

xA 

y*  r  "*»  V  “J 

~7 

£  L*  7  “  ^  T  J 

X  • 

si 

T, 

l  ^  t  hnd  is  a  constant 

H 


(19) 


The  ratio  if  thl*  to  the  wall  losses  can  be  Tax  Lai  zed  for  a  particular  Jf 


Taxing 


Pr 


Consequently, 


+  fa-ij 

a.  a. 

8  A  /»  (*■ 


8 


*■  a 


I  v 


?ar  ~  a  j  ,  this  is  asxlnnur  for  J-  a  2.24;  thus  typical  cavity 
dimensions  can  new  be  found.  Tha  -<aa<(f  CtoCMM 


L  =  1.700  In 

A.  =  0.850  in 

fc  *  0.377 

^  .  15^ 

£  m  2.86  »  relative  dielectric  constant  .0005  In  file  used  for 
**  loading  the  re-entrant  cavity. 

Fig.  9  shove  the  cavity  in  cress  section. 


•T 


AFPSSDIX  III 


DDTUMOH  2JTECTS 


aXCMglgfc 

W*  can  consider  the  problem  of  Brovnlan  ilffusion  and  the 
limitation  on  the  saturation  level  end  selectivity  of  the 
selective  limiter  by  the  following  method.  From  a  random 
vt  see  that  the  average  squared  displacement  of  a  typical 

<X*>  *  NJ ** 

where 

m  mean  path  length  between  collisions 
A'  a  number  of  collisions 

By  Introducing  the  nobility  (m)  we  obtain 

<X*>  *  ZmMTjt 
Relating  the  mobility  and  riaeoelty  we  get 

y  xkTt 

<* >  m  Y*t c 


t0  m  effective  molecule  radius 
|  a  viscosity  in  poise 

t  time  diving  which  the  observation  is  taken 


Using 

tel  sec. 

r.  3oo°jc 
fc.  1.38  (lO*2^) 

^•1  yoine  • 


she  unite 


resulting 
frequency 
wai>.  e-ialysis 
colecule  Is 


1/10  id 


rm  •  1  9  for  a  worst  cue 

<V>  -  io-10 .2 

The  ccwparlsor.  of  }<*'>'  wltr.  the  spatial  width  of  a  resonance  line  of 
1  cy  for  a  j  *.c  bandwidth  frecpiency  selective  limiter  (where  the  region  over 
which  the  spin  system  Is  distributed  Is  assumed  to  be  about  1  inch)  shows  that 
the  Brownian  motion  causes  spins  to  move  about  10'-  of  a  line  width  io  a  time 
equal  to  the  spin-lattice  relaxation  time,  thus  the  effect  Is  negligible. 

gpln-fllp  Diffusion 

An  IMt  line  which  is  not  nationally -ns  it  owed  has  s  line  width  of  about  1  kc . 
The  pertinent  relaxation  time  la  then  about  10" 3  seconds.  The  tlae  for 
relaxation  by  mutual  spin  flips  could  not  be  any  faster  than  this  value  or 
the  line  would  be  determined  by  the  mutual  spin-flip  rate.  Thus  If 
is  the  mutual  spin-flip  relaxation  time,  the  magnitude  of  could  be  found 
by  finding  the  time  far  prmcessii*  of  one  spin  in  the  H  field  af  the  uljacent 
spin.  Let  Tqq  be  the  nuclear -nuclear  spacing 


between  two  Ilka  nuclli .  Tbs  field  of  oos  due  to  the  other  Is 


This  gives  f 

Flnding  rm  from  1022  spatial  cubes  bounded  by  ^  lines  In  a  cubic 

centimeter  wa  obtain  a  propagation  rata  of  1/20  line  width/ aecood  for  our 
frequency  selective  llsriter  nodal. 


Thus,  spin-flip  diffusion 


also  bs  nsglsctad 


afpoozz  iv  -  armMODuunoH 


If  two  sinusoidal  signals  at  frequencies  CtJ,  andt^are  applied  to  the  limiter, 
lntenaodulatloc  products  will  appear  at  the  fn?q uencies  nCJ,  ,  where  n 

and  ft)  are  Integers.  These  lr.ternodulatlor.  products  will,  la  most  oases 
be  Insignificantly  small ,  but  aay  becone  appreciable  if  CJ,  and  U^are  very 
near  one  another  and  If  the  two  signals  are  above  the  limiter  saturation  lev'*!. 
To  calculate  the  magnitude  of  these  lntertodulation  products,  Bloch's  equations 
wit a  two  sinusoidal  driving  signals  can  be  used.  The  two  signals  will  be 
decaegtoeed  into  their  counter-rotating  circularly-polarised  components.  This 
allows  a  great  s Unification  of  the  problem,  since  the  two  circular  com¬ 
ponents  at  CJ,  and  uJt  rotating  opposite  the  Larmor  precession  have  a  negligible 
effect  oo  the  notion  at  the  spin  system.  To  simplify  the  analysis  further, 
all  quantities  will  ba  neasured  fm  a  frame  rotating  with  angular  velocity 
eJ, in  the  direction  of  the  larmor  precession.  As  is  shown  in  Fig.  32 
this  choice  of  reference  reduces  the  circularly-polarized  RF  field  at  a), 
to  a  static  field,  pointing  in  the  X  direction.  The  circularly  polarized 
field  at  0^1  will  appear  as  a  vtctor  rotating  In  t ha  x-y  plane  with  angular 
velocity  5  “<J(  .  Finally,  the  DC  field,  which  Is  assumed  to  be  alotg 

the  i  -axle,  will  have  the  nagnitude  Ho  +-^r  where  Ho  Is  tne  value  of 
this  field  in  the  non-rotating  frame. 


Fig.  32.  Magnetic  Field  Components  In  Rotating  Frame. 


TO 


Bloch's  equations  car.  be  written  in  vector  fans  as 


S  Cn> 

A  A  A 

where  X  ,  y  ,  and  ?  are  tire  x,  y,  nai  i  unit  rectors,  rtip^ctively, 
and  M  is  the  aagnetlzatioc  of  the  spin  syster..  -hen  the  cctcponeats  of  H 
shown  in  Fig.  3 2  are  substituted  in  equation  the  following  three 

equations  result: 

M,  =  ACJMy  -7Ht  MjS*n6t  M,  («) 

M,,  =  TH,Ma -rHtMiCosSt (23) 

M*  -/H2MKS.nSt-rHMj/-rH2M^Cos6t  (?<0 

where  ~4t(Mi'Mo) 

A.GU  =  /H0+6J, 

Frcei  the  fora  of  the  above  equations,  it  la  evident  that  Ms,  My  ,  and 
Mf  will  be  periodic  In  tine  with  a  fundamental  angular  frequency  equal 
to  6  .  Accordingly,  Fourier  expansions  of  the  magnetization  conponento 
will  be  written  as  follows: 

**  jn«t  22 

Ma^J^MxnC  ^  My=/  Myn 

In  the  rotating  frame,  the  transverse  magnetisation  can  be  represented  by 
the  ccaplex  qunrtlty 

(26) 


Note  that  the  Magnitude  and  angle  of  this  complex  ntssber  are  the  sane  as 
those  which  the  txnasveree  Magnetization  vector  has  in  the  x-y  plane.  The 


Fourier  expansion  of  My  is 

o*  j*6t  r-< 


(27) 


r»s-i 


«»-< 


T1 


Isch  tan  In  this  mm  corresponds  to  a  coeponent  of  transverse  Magnetisa¬ 
tion  rotating  with  angular  velocity  n(,  with  aagnltude  and  pfaaaa  angle 
equal  to  tha  aagyri  tude  and  angle  of  tha  corresponding  Fourier  component 
of  tha  transverse  M^wtlaetlon  vector.  Upon  transforming  back  to  the 
aoa- rotating  frame,  each  of  thaaa  components  will  appear  as  a  circularly 
pojarlsad  compcoent  of  aagietlsatlon  with  angular  frequency  U)k  -*-n6  . 
Components  for  which  nio  and  1  corraspood  to  the  system  response  at  the 
two  driving  frequencies,  u>,  and  UJ^  .  The  lowest  order  lntersodulation 
components  occur  far  a  =  -1  and  *2.  At  this  point  it  is  laportant 
to  reoall  that  Mt  is  a  real  quantity  and  hence 

M»*»  =  Mj-n 

whereas  M*  la  a  cables  quantity  and,  in  general 


A  ooanrwnlent  aqwMloa  Involving  oan  ha  obtained  by  Multiplying 
equation  (23)  by  J  and  adding  tha  result  to  equation  (22).  The 


following  Is  obtained: 

Mt  fc)Mi  -wfrMt 


(3B) 


Using  definition  (26),  aqnatloa  (2k  j  oan  be  written  as  follows: 

M.  =  ^»Mte-Jtt-  ft 


(29) 


equations  (26)  and  (29)  art  sufficient  to  describe  tbs  response  of  the 
spin  syetea  and  will  be  used  as  tbs  basis  for  all  that  follows . 


T* 


t 


If  tiie  Fourier  expansions  of  and  Mg  are  Inserted  in  (28)  and  (29), 
terms  of  like  frequency  can  be  equated  to  give 


It  is  possible  to  eliminate  M»  by  combining  equations  (30,  and  (31) 
properly.  The  result  la  a  second-order  difference  equation  with  variable 
coefficients.  A  series  solution  has  been  obtained  for  this  equation,  but 
is  too  cwbersoae  to  be  of  iueaediate  practical  value.  A  more  tractable 
solution  can  be  obtained  if  simplifying  assumptions  about  signal  magnitude 
and  frequency  separation  are  introduced.  Two  such  solutions  will  be 
obtained  hers,  one  which  is  valid  only  if  the  frequency  separation,  6  , 
is  suitably  large,  and  a  second  which  is  only  valid  if  one  of  the  signals 
is  isuch  saaller  than  the  other. 


An  approximate  solution  of  (30)  and  (31)  will  first  be  obtained,  subject 
to  the  condition 

»7  r.T1H,Hl  .  <*> 

Remembering  that  the  saturation  condition  for  a  circularly  polarised  field 
1.  r‘H?T.T.  =  I  ,  condition  (32)  can  be  rewritten  in  the  fora 

STx»  02.) 

when  R  and  ft  are  the  two  liyut  powers  sad  1$*t  1*  tbs  Halter  threshold 
level. 


n 


It  1*  anticipated  that  the  major  components  of  transverse  nagoetlrat ion 
will  be  Mjj  and  ,  the  driving  frequency  components .  rhe  major 

component  of  2  -axis  mgnetitatlon  should  be  the  X  coefficient,  Mj#. 
llte  validity  of  the  above  assumptions  will  be  examined  later.  According 
to  equation  (30),  and  Mtj  can  be  expressed  approximately  as 


Mto  = 

YHi  M»o 

A  oj  -  VTj, 

(33) 

Mt.  r 

y  Hi  Mgo 

(  JH  ) 

providing  Hj  Ma,  and  Setting  n~o 

in  (31),  (33)  and  (3M  can  be  substituted  to  give 


Mjb  - 


M, 


t  +  ZlHLTJL  ,  33S.I ;7I  - 

I  rTfUO*  T  l 


(35) 


The  first  order  lnte modulation  caespooenta  can  be  found  by  setting  n  =  -l 
and  +2  auccestively  in  equation  (3c). 


Mt-i  = 


7HM,. 


4w'8  -j/Ti 


(3t>) 


_  y  H^Mgi 

M*3  aaW6-j/Ti 


(37) 


Ttaa  aaawvtloaa  a were  used  to  obtain  (30) 

and  (JT )•  Mfi  can  be  found  by  setting  nsl  in  equation  (31). 


jfc  ‘A", 


(36) 


Bare,  H2  and  have  been  neglected  in  cc^arlsoe  to  i-l t  and  H tMt 


After  substituting  (33.'  aad  (3*-  In  (3®!* 

M  -  r^HHdfc-^/n)  m,. _ _  (si 

»•  '  Z{  6- jATX^+6  -V%)teu>rVn) 

Equation  (39)  can  be  used  to  check  the  assumptions  u*ed  In  deriving  (33) 
and  (34),  osw!v,  that  condition  (32)  implies 

y  h.  m,(  «rHiM,n 

7 HxMji«  7H,  MI0 

These  inequalities  can  be  readily  proved  using  (39)  providing  7"J  la  not 
appreciably  longer  than  T~x  ,  r.  condition  which  generally  holds  for  a 
aot locally  narrowed  line,  Myi  ,Mt1l  and  are  third-order  inter- 
modulation  products.  The  remainii^  assumptions  used  In  obtaining  (>>), 
(37)  and  (38)  Involve  neglecting  flfth-onler  products  In  comparison  to  the 
above  third- order  products  and  vlll  not  be  proved. 


The  intermodulation  coegweeuts  of  M*  can  be  found  by  using  (35),  (3^),  (37) 

aM  (39) 


7*H.‘Hf(l*3iiX**'*4i  Xho>*64j  Mo 

2  (t^xsu-g 


(W>) 


U  _  7\iHl(6 s  +4i  )Mo _ 

*■  ’  (l,1) 


where 


(wa) 


T* 


The  output  volt***  at  the  11x1  ter  at  any  given  frequency  will  be  proportional 
to  the  vadime  eve  rage  of  the  Fourier  coagxanent  .f  nagnetitatlon  at  that 
frequency.  Vs  aiming  that  the  distribution  of  spina  per  unit  frequency 
rente  la  unifora  and  that  the  HF  aagnetlc  field  is  uniform,  the  output 
▼alta£«  at  the  frequency  OU+n  6  will  be  given  bj 

-  OJtfU), 

where  Cc^  and  UJm  are  the  Lanor  frequencies  at  the  eige.-  f  t:ie  .pi:, 
distribution,  and  ^  is  t  pauraarter  depending  upon  tne  circuit  ..uTlguraii 


The  two  lctemodulat  1  on  coagnments,  (  and  fall  off  as  ^^3  f  jr  , 

If  S<<^a-^f  the  Units  on  integral  (4})  be  extende  i  t  -  00 
and  >00  and  contour  integration  can  be  used  to  evaluate 
A  polu-sero  plot  for  i»  shown  below  in  Fig.  3}. together  with  the 

integration  contour  to  be  used  in  evaluating  '4Wf .  j 

O  ■fjtJL*AW  * 


a 


P 


.fct&OJ 


.  OllP''' 


Fl4.33<  Foie-Zero  Plot 


After  applying  the  residue  theorws  and  condition  (32),  Vk,-«  is  found  to  be 


rl;uatl  '>r.  ;  is  plotted  In  Kig.  !•*  as  *  function  of  6 


A  sol  at  1  on  if  e^;  uat  i  ji.s 

where 


an’.  *,1  will  r. yu  be  oOt&lnei  for  the  'ape 


rK 


(<»9J 


1 3  substitute.!  ir.  the 


If  equation  ( 31  *s  written  out  for  r.«I  ar.:  If 
right -narui  side,  the  following  equation  re  ^ta- 

{J8+±)M  --  _  rHi  Mt24  7H,Mt, 

i{  2j  L  /±u>  *  2  6  4  &L<J  -  -V  1 

_THiT /HMa^rHi-Mao  _  r^.iVg,  r 
171  -5  t-^o;  tJ.T,  j 

If  the  fifth-order  component,  ,  Is  Igncrei  arv  1  if  ill  terms  vuairati? 
in  H,  are  disposed  of,  an  express  lor.  relating  My.  and  \  '  j-o  an  be 
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obtained. 


M  _  raH,Hi(2  6+^ -*£)(&-  rjMa^ _ _ 

ul J  6  7^ 6  +.0.)^  ♦  6  -H.)(  6 +Au;  -  J.  J 


o 


( 5? ) 


It  has  been  assumed  that  Ti  ~  1  .  The  quantity, /l  ,  Is  complex  and 

by  convention  will  be  talen  as  that  root  of  ~~f  Hj  which  has  a 

positive  Imaginary  part.  This  choice  is  arbitrary,  since  all  expressions 
involving  XI  will  be  unchanged  if  A  i*  replaced  by  -A. 

An  expression  for  Mr  can  b«  readily  obtained  by  setting  H, in  >,35), 
since  the  assumption*  which  led  to  (35)  are  not  in  contradiction  to 
cordltlon  (1*9).  Written  in  factored  fora,  Mjfa  13 


M„  = 


-  f  *~4i)  Me 

(^cu^S-^-J(AcotS  +-jr ) 


(53) 


T» 


The  thirl  order  .r.temmluJatl  jr 


.-opor-ents,  aiji  Mi.  are,  according 


to  ]  ', 


7  + 

~  S  ■*"  -  J  /  T"i 

- 

/H.Mii  ^  7Ha  «Vfii 

26  +  - j /  i  i 


T. f  H  Hi  generally  le  such  large/  tnar.  and  :ar. 

written  approximately  as 


Mti  =■ 


7Hz  Mg'  __ 

26*  -J  /T* i 


(5<0 


Combining  <51) ,  (5j),  and  (5H, 

M  Mo _ _ 

*2  2(6-i)C^6^)^*6-li)(Aa^6^X^  &  <-J|L ) 

Contour  integration  can  again  be  used  to  calculate  the  iialter  lnter- 


(55; 


Modulation  voltage.  The  result  is 

v  rr^KHUS- 

VU,,2i  2yV(6-J 

If  this  voltage  is  caagared  with  the  stall  signal  output  voltage  at  uJ , 
when  H, -  O  (aee  expression  (5o)),  the  ratio  of  lntensodulatlon  output 
pever  to  signal  output  power  (with  no  large,  interfering  signal  at  UJi  )  is 
found  to  be 

%*>.♦*  8  _  Pa  (S*Ta  +  (57) 

where 

(5»> 

Bgwtlon  (57)  it  plotted  in  Fig.  15  as  a  function  of  6  •  The  only  assumptions 
inherent  In  (57)  w  Pi»  Pt  and  Ti  =Ta  • 


Tt 


'.ion  to  in. te ru yi uiat ten,  a  certain  degree  of  snail  signal  suppression 
:ur  in  the  limiter.  According  to  (63).  the  small  signal  output 


-OJa+CJJ( 


A-  W  *4  J.  ^ 


(59) 


N 


1  to 


TH.Mgo 

-jAz 


(6o] 


1  ,-Sk  f 


third-order  component,  M2.,  has  been  neglected  in  c csrpa x*- 1  son  uO 
i  order  component,  tflgc  *  Mjo  is  a  zeroth  order  component  since 
it  ncu -zero  and  equal  tu  Mo  in  S-bGC  nee  of  Hi  and  Hi  .  It  will 
be  convenient  to  break  the  i?;tegral  (39)  Into  tvo  parts,  one  part  equal  to 
the  unsuppressed  output  voltage  and  the  other  part  equal  to  the  decrease  in 
snail  signal  voltage  due  to  the  presence  of  a  large  signal  at  tOx  . 

’'lOa+U) \  -6C&+&9, 

Vio^jsf- <l£to  *-Jaf 
c  '  rj  acjJ-YT*  rj  AU>--\/%  (61) 

-  co^dJ,  ^Zaj^o  +ut> 

Equation  (61 )  is  not  entirely  rigorous  slnco  loth  integrands  should  contain 
an  even  distribution  function, J  \UJ9)t  to  account  for  reactance  compensation. 
This  distribution  function  has  the  effect  cf  making  the  imaginary  part  of 
the  first  term  zero  over  the  usable  limiter  bandwidth.  Retaining  the  real 
Lrot  term  and  substituting  for  from  (53),  (61 )  becomes 

+  i/S  r  hi.  K  _ 

Ti  ./wUJ^4  -j;  a  6  ^ ) 

-  -cutotut, 


(62) 
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The  distribution  function  Is  slowly  wying  compared  t.  the  factor  (+*o 
and  her.ce  can  te  taxer,  cut  side  t.'.e  fir-t  integral  ai^i  replace!  ty  Its  value 
at  £oJ*0  .  If  j  00^-00 ±  '  t.ie  sane  thing  car.  be  '.ore  with  the  sec  in'. 
Integral.  Both  Integrands  fall  off  rapidly  *r.  cjryari.  >r.  *  ,  s  the 

11- its  -.f  Integration  can  be  extended  t.  too  •  -"her.  trie  c  integrals  are 
evaluate'.,  Is  found  to  be 


Equation  i-j'a)  is  plotted  in  Fig.  16  as  a  function  of  £>  . 
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APPEKDU  V 


coKstRfjrr  iifnamojict  supfhbssion 

In  order  to  determine  the  effectiveness  _f  the  Frequency  Selective  Limiter  as 
an  Interference  suppression  device,  the  aean  square  error  between  actual  signal 
voltage  and  Halter  output  voltage  will  be  calculated.  Because  the  exact 
nature  of  the  input  signal  is  unuiown,  t.oe  .-sea:,  square  error  must  be  computed 
statistically  by  considering  the  er.seatle  jf  all  ;>ossibl<*  input  signals 
and  averaging  the  near.  square  error  over  this  ensemble.  The  l'"fa  member  )f 
this  input  ensemble  will  be  denoted  (t)  where  Is  the 

Instantaneous  signal  voltage  and  Zfj  *  I#  the  instantaneous  interference 
voltage.  When  the  ensemble  of  input,  voltages  is  applied  to  an  ensemble  of 
identical  limiters,  a  corresponding  ensemble  of  output  voltages,  ir0 i'O  will 
result.  The  mean  *q\mr*  error  is  defined  as 

To  save  space,  the  ensemble  average  operation  will  be  denoted  by  a  bar  above 
the  averaged  quantity,  thus 

<f  r  [zr/(t)  -1fo(t)]\  {^] 

To  be  a  meaningful  measure  of  signal  degradation,  <£  should  be  zero  when 
there  Is  no  interference  present  and  no  signal  distortion.  This  can  only 
he  so  If  the  quantity  IS,  (t)  is  scaled  up  froa  the  actual  limiter  output 
voltage  by  a  factor  equal  to  the  small  signal  voltage  loss  '  r  the  limiter. 

This  convention  will  be  adhered  to  in  the  following. 
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The  output  voltage,  ,  will  contain  both  signal  sad  Interference  as  wall 

as  a  warlety  of  intermoduiatlon  products.  It  has  been  jbovn  In  Section  5 
that  the  Interaction  of  "lgnal  sad  Interference  In  the  Halter  results  salnly 
In  the  suppression  of  certain  portions  of  the  signal  spectrin  and  that 
intermoa ulation  products  can  be  neglected.  The  sction  of  the  limiter  can 
be  described  in  this  case  by  a  transfer  function,  h(CO)  ,  which  depends 
upon  the  input  power  spectral  density.  According  to  the  convolution  theorem, 
the  Instantaneous  output  voltage  can  be  expressed  as 


where  h(t  ) is  the  inverse  Fourier  transform  of  H(w)- 


H(^)GJUJtdcu 


(fc7) 


(t*) 


Substituting  (67)  In  (66/  gives 


6 


’(t-t)  ■'itft-tyhuyt'  *  vjt) 


i 


If  the  ensemble  average  Is  performed  before  Integrating,  <f*  will  appear  as 


The  quantity  OfM  l/j'Ct't  )  Is  the  autocorrelation  function  of  the 
das  In  id  signal.  It  Is  independent  of  t  and  will  be  an  even  function  of 
t '  .  The  quantity  lfj(Q  U^(t't-)  the  croes -correlation  between  signal 


and  Interference  and  will  be  zero  since  signal  and  Interference  are  uncorreia^ 
ed.  Using  definition  (a^,  f  asy  now  be  written  as 

£  =  VsKt)1  -ppj  cjWt<^codt  +vj(t)1 


Reversing  th *  order  of  integration, 


^  ^  v«‘  Jju>  4  Vt)! 

J^OO  -£>• 

According  to  the  Wlener-KhintcMne  relation,  the  quantity  ir.  square  tracnets 
Is  proportional  to  the  signal  power  spectral  density,  . 

RmCr,(u)  =in£si>(t)fi(t-t)<rwtdt  ( ,c , 

^  r  Llalte  r  Input  I* pe dance 

The  quantity  J/fyt)1  !■  proportional  to  the  total  output  power,  and  3*y  be 
written  ae  the  sua  of  the  signal  and  interference  output  powers. 


tfY*;1  -  6t(cu)J\ H(wfdu> 

-*# 


Gj  1*  the  Interference  power  spectral  density  at  the  Input.  Using  (70/ 
and  (71)  and  the  fact  that  tha  imaginary  part  of  Hfid  le  odd  while  &^C*)  is 
real  and  even,  equation  (^9)  can  be  written  In  the  fora 

£  =  R>J\\-H(“>\\lGjiu)du)  *  R.y/HTa;)lzGrM^^  ( 7?) 

-  o»  Vo* 

The  ner  square  error,  when  divided  by  the  quantity 

can  be  Interpreted  ae  an  equivalent  output  lnterference/slgnal  power  ratio. 

£e  Jjf-  yffncu,)!  2(jr(a>)doj 

P  ~  >•  (73) 

/ lHftu)l*d  U) 
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The  tnesm-square  error  whist  correspond a  to  a  given  value  of  Re.n.  is 
the  Mae  am  the  error  which  would  result  If  an  amount  of  interference 
power,  Prc>  ( uncorrelated,  with  tne  signal } ,  were  linearly  added  to  an  other¬ 
wise  unH started  signal  with  power,  .  The  Halter  output  will  le  a 
reasonably  good  reproduction  of  the  desired  slgrml  for 

ft.  .V  I 

T=5T  - 

hquntlon  (73)  will  now  be  applied  to  the  case  where  the  input  Interference 
la  coherent  and  the  desired  Input  signal  la  below  the  Halter  saturation 
level.  Under  these  conditions ,  the  trims fer  function,  \4(Lu),  win  be 
shaped  under  the  Influence  of  the  interference  power  apectrtm, 

~  ^  2  P (74) 

so  that  HM  Is  saall  for  frequencies  In  the  vicinity  of  the  .  As  a 

first  step  In  determining  ,  single  frequency  CV  interference  will 

be  considered,  that  le, 

Gt  ~  ~jr  R,  &  (M'00*)  *  *2  P*  6  (UJ+UJ*) 

This  signal  will  produce  saturation  of  spine  in  the  laaedlate  vicinity  of  OJH 
and  will  result  In  a  decrease  In  the  susceptibility  seen  by  a  second,  wnall 
signed. 

Aa  la  shown  In  Appendix  IV,  the  llalter  output  voltage  due  to  a  snail  signal 
at  the  frequency  CJt  In  the  preeance  of  a  Large  signal  at  <*fl  is 

✓ft.,)  =-frM.d7H,ya),)ri  -  ]  ,75) 

(tj  X-Xr 


se 


Since  H,  Is  proportioned  tc  the  input  signal  voi-age  at  CO,,  the  voltage 
transfer  function  of  the  Halter  can  be  written  as 


[ 


P 


PjSt 


-1 


V  +  i  +  *  I  -  iSTijJ 


(><) 


where  A  Is  a  constant .  The  right-hand  teres  of  (  ,'u)  represents  the  "hole' 
turned  In  the  llalter  response  curve  by  tae  signal  at  CO^  ,  This  "hole" 
has  a  nominal  width  of 


Ti 


radians /sec . 


If  tbs  Interference  signal  has  nor'  than  one  frequency  component,  the 
effect  of  additional  holes  can  be  approximated  by  adding  terms  to  as 

below. 

p  /  Pi  j  -t 

H(v)  Vi Vi ♦’(UW- 1 rj  (-, 

This  expression  is  accurate  so  long  as  the  "holes"  do  not  overlap,  that  is 

K-^l  m 

must  bold  for  all  j  and  k  (except  J~k  ).  Because  it  has  been  assumed  that 
there  Is  no  small  signal  voltage  drop  between  the  Input  of  the  limiter  and 
tbs  point  at  which  tbs  output  is  measured,  the  quantity  A^(cu)  in  expression 
(77)  eust  he  replaced  by  unity  before  H(tu) is  Inserted  in  (73). 


For  CO  ~  COtf  ,  tbs  transfer  function  HCcv)  ,  as  given  in  (77)fdoes  not 
give  the  correct  value  of  Interference  output  power.  If  condition  (73) 
holds,  output  Interference  power  can  be  approximated  by  considering  each  of  the 
components  of  interfering  power  to  be  independently  Halted.  The  total  inter¬ 
ference  output  power  is  then 
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Wll'G,*  =  >  U” 

J  r  1  ;  «-  K/P,*t 

-  04  H 

Tha  first  Integral  in  (73)  sac  be  evaluate!  using  tne  method  of  residues. 

First,  tr.e  complex  function  ,T*fcui  will  fe  leflrei  as  icllcvs: 

_  py  (fWUX  *■  H/Bitl*  1^7  '[Vlutll 

™ - 1/_, , «, (ltjv^,!,-j(w-MJi;|Li.'tii>^''W'! 

T (O')  is  equal  t~  ll  -  H(w)|2  along  tne  rceu.  axis  of  tne  u>  plane  and  aas  poles 
in  the  upper  half  plane  at 

CJ  =  =  CJ*  *►  Jj  -r(i  +-  Rt/Rj^tjj 

as  well  as  poles  ic  the  lower  half  plane  at 


o.»  -  2-^  -  ^-jr 


Applying  the  residue  theorem, 


j[i  ■*-£>*  P«/P»,)J 


f  Re?>«*ue  •/  TfwCl 

f\\-Wu>)\  6,(uj)6cu  -fo  2Trj2.QC\)J^  r  ^0,,  J 

i  O*  K 

In  the  shore  expression, Qjt*')  can  be  any  function  which  Is  analytic  in  the 
entire  upper  half  plane,  whose  real  part  approximates  on  the  real  axis, 

and  which  r etna  ins  finite  aa  |<v|  The  residues  of  T^)  at  U/=At,  can 


be  evaluated  approximately  ae 


r  pemW  •/  Tc«*n  _ (  P ,/PWJ _ _ _ 

L  •*  ~-A«  J =  2 jT,(l+fvi?,t)[M(i *p./p»)rtj  , 


providing  condition  (73)  Is  satisfied. 
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tquation  (73)  asy  nov  be  written  in  fit*!  fora  as 


pj-o/Tjr©  will  be  calculated  for  tf.e  a  -del.  j .poa'  cr.-:  ir >r: erer.  -»-  6-e-ir 

shown  in  Figure  IT  .  For  this  case. 


k=  < 


(- 


where  N  is  th;  rnaiber  of  components  of  interference  power  and  F^  is  tr.e 
total  interference  power.  In  computing  ^to/Ho  t  N  la  equation  (°-) 
should  be  replaced  by  M  ,  tne  nuaber  of  in-band  components.  "he  poly¬ 
nomial  Q  is  siaply 


0  =■  -Srrfe 


where  2TtQs  i#  the  signal  bandwidth  in  •-■adian*  per  second.  From  equation 

(6l)  ,  ,  U 

a,  pT/fafi 

^  (,3> 

It  will  be  assumed  that  =r  }XIO*  and  that 

5  .  _  3n~ 

2tr3,T,  10 


Tills  latter  condition  states  tost  the  signal  power  tv» 

width  is  10  4b  beiow  the  saturation  level.  Figure 

p  p  fn 

of  -  **/ 1 34?  upon  input  interference/ signal  ratio.1  ir>  ii 


lsble  in  one  line- 
shows  the  dependence 
is  also  plotted  rcr  the 


rate  where  no  limiter  is  used .  For  this  oaae 


APPUDIX  VI  tJUUEIJprr  RnSPOKSi 


Tne  object  of  the  following  analysis  is  to  obtain  tfc  tiae  response  of 
the  aagnetlzatlon  of  a  system  of  splr.s,  laaersed  in  as.  inhomogeneous 
d.c.  magnetic  field,  to  transient*  in  the  rf  oagr.etl  *  field  applied  to 
the  (pine.  The  most  aultafcle  approach  to  tne  p roc lea  is  to  consider 
that  the  spin  system  over  a  saal  1,  voltxae  fcllovs  tne  pnenonenaiogl  ;ii 
equations  of  Bloch.  The  nonunu formdty  ir.  tne  d.c.  field  will  be 
Included  after  an  expreaalon  for  tne  frequency  response  of  one  spin  has 
baan  attained. 


First,  assies*  that  each  spin  viewed  from  a  reference  frame  is  the  lab 
fallws  the  following  act  of  (Bloch's)  assumptions 


AM 

it: 

*  r  tf  x  H 

Jrf. 

M.-M* 

dt 
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AMt 

_  M' 

' -  ■  ■ 

Jt 

K 

_  _  Mj 

Jt 

where  M  s  magnetisation  vector 

fl t  ■  *  caysat  of  magnetisation 
7^  s  transverse  relaxation  tlae 
T'  *  i rm gi i  m i  relaxation  tlas 


to 


*  apontaneou*  mgnetlaatiou 


U  ■  eagne tio  field 

Uelng  e  prised  eet  of  quart it lee  for  thoee  eeen  froa  a  freae  rotating 
around  i  at  <o  (•»*'}  m  bare  the  following  traneforeatlon  between 

the  fixed  and  rotating  fraaea  of  reference. 

* 

_  -  y  M  V  H  +-  M  X 

4t  ' 

/  _  US) 

m  V  tl  x  (  h  y  ) 

where  the  eagaetlzatloc  transformation*  are 

/'f  y  -  riA  '  ^  j  '  W'C 

fi  J  2.  Afy  '  U+rn  +■  •  ot) 


If  we  consider  the  ease  cf  both  a  d.c .  field  Ht  r  and  a  tiae 
varying  field  la  the  fixed  fraae  j  H+f  x  J  the  spina  aee  an  effective 
field  of  the  fom 

tiff  =  K  *  '+  ^  x'  (87) 

Substituting  all  coagwoeata  of  (S4  into  ff)  we  have 


-/Af 


*  v  n  x  it*, 


-  ft* 
r, 


‘  (88) 


»1 


where  A UJzU^-UJ^  and  y  Hrp  •  The  solutions  to  (89)  Give  the  steady 

state  magnetization  components  and  any  transient  solution  nust  approach 
these  values  as  time  increases. 


The  steady-state  components  of  magnetization  are 


1 

ll 

aw  M*  71*" 

/  *-  5^4  7;  TV 

M  '  _ 

7;  ri*  L 

1  ~ 

/  *-  7;  7^  4*  f  7;  -euT) 

(90) 


(91) 

(92) 


/  *•  i-(n  ■*") 

Bloch' 3  equations  h^catne  questionable  in  low  tf0  or  high//**  fields. 

Ha  ^  -y  7J  ***  ==•  H0 

In  these  cases  one  con  use  Bloch’s  equations,  but  should  use  T,  7\  m  7" 
Consider  an  rf  magnetic  field  of  the  form 


&#«)=  w* -*** 

where  Uco  Is  a  unit  step  such  that 

t  <  O 
6  ^  O 


(93) 


($*) 


1.  Chapter  IH  p.  53  or  Chapter  12  Abraxas 


This  transient  in  A^4it  (  could  alternately  be  expressed  as 


r 

i 

1 


Ut'ft)  —  U(  t) 


(>5) 


Tor  tala  special  case  of  a  unit  step  input  la  V  t,  we  axe  able  to 

use  the  usually  impossible  approach  of  solving  toe  innoracgeneoua  differ¬ 
ential  equations  of  Bloch  by  using  Laplace  Transforms  For  simplicity, 
let  the  following  Identifications  nnld: 


-  ^(XJ 

Mi<*>  3 

’  =  m3<*> 

(9t) 

t1„‘m  } 

-> 

C 

il 

~  <*s,  i/(t) 

{*'+9‘  v/»i 

The  reason  that  the  syatea  of  equations  Is  solvable  by  a  Laplace  Trans- 
fora  approach  for  tbs  particular  case  of  a  unit  step  m  is  interesting 
to  note.  With  tbs  above  notaticnal  identification,  iqustioc  (§§)  bee  ones 


1 


M 


-+■  4  k.'  My  ' 


n* 


*  7L 

~  M M •  — 


/*% ' 


"*•  = 


tU'-M. 
7~  ~ 


(97) 


Notice  that  represents  the  aisplacener-t  jf  tr.e  t-  z  jrrp vr*nt  :'  r«.  - 

netizatlor.  frosn  the  Initial  ma^netizati  _r.  M%  .  If  we  let  \/  s.  ff  •  -M a 
(?7)  becomes 


•  ^  / 

/%r'  (t)  *.  —  — —  f“  ^v'  (9B) 

'  V 

« 

^•Cfj  >  -*-/V  _ 

JL 

^  r*  1  *  ^  My  ~  7f 

Taxing  the  Laplace  tranafonn  we  have 

S  /p(t)  —  —  i-  41  cu  m  ft, 

'  'v  J  (99) 

**  ^j7iJ  *  -o^^j  _  ^  V7.j  - 

71  * 

J  /77+(i  J  *■  *t/^  _  VVij 


M 


r  In.  cmtrix  r.  .'tat  t  r. 


The  •  ;iuti  ur.c  will  be  the  response  cf  the  spin  system  (no  spread  in  aagneti 
flelt.  l«.  a  unit  step  of  rf  .xigijet  fi.'i  at  ■*',  .  Vote  *.-at  the  va’v»s 
of  J  are  the  -.ilgaiivalues  of  the  steady-state  rmtrix  'that  is,  to  the 
corresponding  matrix  in  the  .teady-state  solution'.  These  values  of  5 
are  the  characteristic  frequencies  of  the  system.  The  similar  eigenvalue 
problem  results  by  solvine  (1#)  where  the  form  in  the  rotating  system  is 
K  *  B  A  ♦  C  (as  matrices).  The  solution  is  of  the  form  C  if  3 

is  diagonal  in  the  system  chosen.  If  B  is  in  a  diagonal  representation, 
the  diagonal  elements  are  the  eigenvalues  and  the  relation  tc  1  l»)ls 
apparent. 

The  complete  transform  solution  to  UiP)  is  then 
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where  <5  3  is  not  necessarily  real. 

The  .magnetisation  components  will  have  the  following  partial  fraction 
expansions 
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The  inverse  transforms  for  a  homogeneous  dc  field  have  components  of  the 
form 
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where  the  first  three  terms  are  the  transient  response  anti  the  last  term 
is  the  steady  state  response  all  seen  in  the  rotating  frame. 
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To  account  for  the  up read  in  dc  magnetic  field  across  the  spin  system  we 
must  sum  the  contributions  of  all  spins  to  the  frequency  response.  Consider 
a  configuration  such  that  we  have  a  unifora  magnetic  field  gradient  and  a 
uniform  number  of  spins  per  unit  volume  such  that  the  spontaneous  moneti¬ 
zation  is  M m .  As  a  result  of  the  non-uniform  magnetic  field  we  then  iiave 
a  spread  in  the  poles  indicated  by  $••),  (tf)  and  t*0). 

Considering  only  the  y  component  of  magnetization,  the  steady  state  and 
transient  responses  can  be  separated  by  a  partial  fraction  expansion  as 

in  (111}. 

~  ^  fj*  t+tr  f  |  .  £  e  i.  ”|  Me  ht+f 
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The  1  /s  tern  represents  the  steady-state  magnetization  as  seen  ir.  the 
rotating  coordinate  system.  The  poles  of  the  remaining  transient  terms 
are  at  ,  and  the  position  depends  upon  the  dc 

magnetic  field.  If  we  assume  that  the  magnetic  field  has  a  constant  gradie: 
and  that  the  spin  density  in  each  interval  of  magnetic  field  is  constant, 
we  have  a  set  of  poles  along  the  lines  indicated  below. 
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Then  we  can  writ#  toe  trenuient  portion  of  (Ufc)  a# 
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The  transient  solution  Is  the  product  of  the  Inverse  transforms  f  £(  h; 

and  f  tA%*  shown  In  (123) . 
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Thus  taking  the  ‘.averse  Fourier  trenr-f-r-  -e  ge‘ 
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This  Illustrates  that  the  transient  ragnetiiau  ;r  response  t:.e  spin 
systen  to  a  step  in  rf  energy-  has  ar.  exponential  iecay  at  .  The  inverse 
transform  of  (U9)  1- 
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Thus  using  the  definition  of  (rll)  we  have 
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The  stead -state  tern  can  be  further  simplified  by  ucing  D  "jC 
which  is  true  for  ^  or  the  situation  correspnniing  t  - 


saturation  of  the  spin  system. 


1M 


<* 


cu=ooc 
O  6V 


rnJ{5^?(v'+k>) 


~  i 


rrrw, 


.,  0 

S<rc  ; 


£X». 


C-^  ~> 


^  ,  r  -,  ,-V  ~--0g. 

—  — I -  5  ■*- — - - 

-  'T-'TLO  j  ' 


r~ 


5cc 


l-f(aJ  -  U>m.)  ] 


L<J , 


J 


Thus  we  have 
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The  transient  terns  far  outweight  the  steady-state  terms. 
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In  a  similar  manner  we  can  find  Ma(^  From  equation  (XK.)  we  get 
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or  laboring  the  steady  state  portion  we  have 
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After  accenting  f_>r  tae  oprcaa  ir  i j  field  ve  have 
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Equation  $jj)  1*  again  the  convolution  of  $3*)  and  (ijtf).  Following  (123) 
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Using  the  same  approximations  as  oefore  we  can  neglect  f(_tj  as  cosjpsured 
to  the  In  (129). 


Consequently,  the  transverse  and  longitudinal  mgnetlzatlon  components 

In  the  rotating  coordinate  system  can  be  approximated  as 
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for  the  response  to  a  unit  step  In  CV . 


Had  other  than  a  uniform  spin  distribution  per  unit  T aaor  frequency  Inter- 

/ 

val  been  asstaed,  the  <?(»)  Indicated  In  (116)  and  G~i&)  In  (133),  vnich 
are  proport local  to  the  distribution  functions,  would  be  modified .  If 
the  distribution  were  symmetrical  and  If  the  sane  fir-f  was  seen  by  each 
spin,  the  resultant  fig  would  still  bs  negligible  compared  to  . 
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APPENDIX  \  !l  -C  HA  RAC  7  EROTICS  OF  ABSORBING  SAMPLE 

The  behavior  of  a  iiKtm  of  proton*  ImiwriH  in  ■  d.c.  magnetic  field  han 
been  studied  extensively  (References  !.  i  i  and  .  Ii  t  an  be  shown  that  th. 
steady -state  magnetic  xuacep  >billtv,  X((j(a|  ■  of  such  a  sw'em  han  real  jrxi 
:n>aginar>  parts  gt<  en  b> 
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where  X'  -  (X" 

a*  2»f,  I  applied  frequency 

*#0  2»fo.  ffl  resonant  frequency  of  proton  system 

NQ  number  of  protona/cc 

Y  -  gyromagnetlc  ratio  (2.675  x  10*  rad/sec /gauss  for  protons) 
Tj  spin-lattice  relaxation  time  in  seconds 

T 2  transverse  relaxation  time  in  seconds 

Hj  rf  magnetic  field  strength 

k  Boltzmann's  constant 

T  absolute  temperature  In  "K 


Equations  139  and  140  are  written  In  ce.itlmeter -gram -second  units.  These  units 
will  be  used  throughout  except  that  the  results  of  some  numerical  calculations  will 
be  presented  In  meter-kllog ram-second  units  for  ease  of  interpretation. 

The  above  equations  are  applicable  to  systems  of  weakly  interacting  magnetic 
dipoles  immersed  in  uniform  d.c. magnetic  fields.  The  dependence  of  X'  and  X" 
on  applied  frequency  Is  shown  in  Figure  35  for  weak  rf  magnetic  fields. 
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X”  has  the  LorenUian  Hoc  shape  common  to  many  resonant  systems  and  la  a 
measure  of  power  dissipated  in  the  sptn  system.  X*  is  a  measure  of  the  energy 
storage  capability  of  the  spin  system  (t.e. .  it  is  the  lossless  part  of 
The  half  maximum  width  of  X’  »s2/T2  rad/scc  where  T2  *•  referred  to  as  the 
transverse  relaxation  time.  T2  1*  dependent  on  the  amount  of  interaction  be¬ 
tween  neighboring  dipoles  of  the  system;  in  viscous  liquids  this  interaction  is 
large  and  may  cause  T>>  to  be  as  short  as  i0~*^  second;  i*>  nonvlscoua  liquids, 

T2  may  be  as  long  as  100  seconds. 

Maximum  absorption  occurs  when  a  time-varying  magnetic  field,  H j.  Is  applied 
perpendicular  to  the  d.c.  magnetic  field:  this  orientation  has  been  assumed  In 
the  derivation  of  Equations  139  And  140.  The  saturation  effect  will 
occur  as  the  quantity  1/4  Y2  Hj  TjT2  becomes  appreciable  com¬ 
pared  to  unity.  An  important  parameter  in  determining  saturation  level  is  T|, 
the  spin-<attice  relaxation  time.  Tj  can  be  thought  of  as  the  time  required  for 
the  spin  system  to  come  into  thermal  equilibrium  with  the  "lattice”  of  molecules 
making  up  the  absorbing  substance.  In  nonvlscous  liquids,  T j  will  be  approxi¬ 
mately  equal  to  T^.  while  in  viscous  liquids  Tj  may  be  much  longer  than  T2 
When  Hj2  exceeds  the  saturation  level,  two  effects  are  noted;  First,  the  magni¬ 
tudes  of  X*  and  X"  decrease  owing  to  the  decreased  effectiveness  of  the  resonance 
absorption;  second,  a  broadening  of  the  resonance  line  occurs.  This  latter 
phenomena  is  termed  "saturation  broadening."  Equations  139  and  140  show  that 
the  broadened  line  width  Is 


rad/sec 


* 


Equations  139  and  140  are  valid  only  for  the*  case  of  a  completely  homogeneous 
d.c.  magnetic  field.  That  is,  it  is  assumed  that  every  proton  has  the  same  reson¬ 
ant  frequency.  The  frequency  selective  limiter  v*  w  an  inhomogeneous  magnetic 
field,  however,  so  that  new  formulas  for  the  magnetic  susceptibility  must  be 
found.  Following  the  method  of  Bloemhergon  (Reference  5)  and  Portis  (Refer¬ 
ence  9),  the  total  susceptibility  In  an  Inhomogeneous  Held  may  ho  found  by  sum¬ 
ming  the  contributions  of  protons  having  a  distribution  of  resonant  frequencies. 

If  g(f0)  dfc  is  the  number  of  spins  per  unit  volume  with  resonant  frequency  be¬ 
tween  fQ  and  fc  *  dfG,  then  U.c  real  and  imaginary  parts  of  susceptibility  will 
be  given  by 
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The  above  integrations  are  equivalent  to  an  ave raging  of  the  susceptibility  over 
t hi*  sample  volume.  The  result  must  be  interpreted  not  as  the  actual  velue  of 
susceptibility  at  every  point  within  tb  sample,  but  rather  as  an  effective  or 
average  susceptibility. 

Integrals  14!  and  142  can  be  evaluated  exactly  If  g(f0)  Is  assumed  to  be  a  simple 
rectangular  function  such  that 
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where  g  (f^)  is  normalized  so  that 
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In  all  that  follows,  It  will  be  assumed  that  f2>fj  .  The  quantity  B  =  f2  -fj  will 
be  referred  to  as  the  bandwidth  of  the  limiter,  to  be  distinguished  from  the 
quantity  2/T2,  the  nuclear  resonance  line  width  (In  radisns/sec). 


For  rectangular  g  (f0).  Equations  141  and  142  become: 
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Figure  36  shows  the  shape  and  relative  magnitude  of  X’  and  X”  for  the  case 

1  AA 

T,  Tj  '  ^  — .  (i.e. .  for  a  case  where  the  linewldth  is  one  hundredth  of  the 

bandwidth).  X*  and  X”  have  the  same  order  of  magnitude,  but  X'  cuts  off  much 
more  slowly  outside  the  bandpass  region.  X’  and  X"  have  widely  different  satur¬ 
ation  levels.  As  can  be  seen  from  Equation  146  ,  X"  will  begin  to  saturate  when 

X2  H,2T  T  ~  l  (147) 

-j—  i  I  2 

Equation  A -7  shows  that  X*  saturates  when 

2 

T  H12t1T2W  1  »  (2eT2)2B2  (148) 

Using  the  value  2*T2B  -  It'  *  as  a  typical  case,  the  rf  magnetic  field  required  to 
saturate  X'  Is  100  times  greater  than  that  needed  to  saturate  X".  A  more  detailed 
study  would  also  show  that  the  saturation  of  X'  corresponds  to  saturation  of  the 
entire  sample  rather  than  saturation  of  a  small  localized  volume.  This  effect 
can  be  explained  schematically  as  in  Figure  A-3,  which  shows  the  superimposed 
contributions  to  X".  Figure  A -4  shows  in  a  simitar  fashion  how  X*'  is  produced. 
Because  of  the  long  "tails*'  in  Figure  37,  significant  contributions  from  protons 
will  be  made  to  X '  at  any  frequency  over  the  entire  sample  volume;  consequently, 
it  is  necessary  to  saturate  the  entire  sample  in  order  to  saturate  X'.  X",  on  the 
other  hand,  saturates  selectively.  Owing  to  the  sharp  cutoff  of  individual  particle 
absorptions,  significant  contributions  will  be  made  to  X"  only  by  protons  having 
resonant  frequencies  close  to  the  applied  frequency.  Thus.  It  Is  only  necessary 
to  saturate  a  small  fraction  of  the  total  sample  volume  to  saturate  X".  This 
frequency  selective  action  la  essential  to  the  operation  of  the  limiter. 
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FIGURE  36.  SUSCEPTIBILITY  VS  FREQUENCY  FOR  IIHOMOGDIEOUS  BROADEBIBG 
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INDIVIDUAL 

CONTRIBUTIONS 


FIGURE  37.  COHTRIBUTIOHS  OF  INDIVIDUAL  PROTONS  TO  X’ 
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APPENDIX VIII -COUPLING  TO  SAMPLE 


Magnetic  coupling  '  •  ;he  absorbing  cample  is  accomplished  using  as  rf  coll,  as 
shown  .a  Figure  59.  This  coll  is  the  source  of  the  rf  magnetic  field.  H| .  and 
•a  is  oriented  with  its  axis  perpendicular  to  the  d  c.  magnetic  field.  Hq.  to 
obtain  maximum  absorption  To  further  enhance  absorption,  the  coll  la  aeries 
tuned  by  means  of  capacitor,  C.  The  presence  of  the  absorbing  sample  within 
this  coil  will  change  its  inductance  from  some  value.  Lo.  to  a  new  value  given 
by 

L  Lo  |l  *  4  n  (  (X  jX  'ij  149 

The  quantity  in  square  brackets  is  the  effective  relative  permeability  of  the 
absorb  lag  sample.  The  dimension  less  parameter  (  Is  included  to  account  for 
nonperpendicular  alignment  of  Hj .  and  incomplete  'tiling  of  the  coll  with  absorb 
tag  material.  £  us  referred  to  as  the  fill  factor  ant  will  range  from  a  value  of 
unity  for  a  completely  filled  coil  with  H K0  to  a  value  of  xero  for  an  envty 
coil. 


Coupling  effecttveneu  can  be  deduced  by  finding  the  change.  Zt.  in  coil  imped¬ 
ance  to  be  ejected  when  the  absorbing  sample  la  Introduced.  With  no  magnetic 
resonance  absorption,  the  total  Impedance  will  be 

Zo  1  n»  Lo  ♦  Rq  ♦ 


where  Rq  is  the  aeries  resistance  of  the  coil  due  to  copper  losses 
t  tonal  Impedance  change  la 
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The  reason  for  tuniug  Urn  abnorbtag  coil  Is  now  evident.  If  C  is  chosen  so 
that  s*  -  l//LoC.  the  denominator  will  attain  its  smallest  magnitude  and  ZB/Z0 
will  bs  maximised. 


ttmad  cans,  ZD  «  Rp  and 
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where  Z,  R*  ♦  jX,  The  resl  part  of  Z4  is  proportion*!  to  X  ud  is  selectively 
saturable.  aa  is  X  The  imscinsry  psrt  of  Za.  like  X  is  not  selectively 
saturable 


To  couple  effectively  to  the  absorbing  sample  the  parameter  si  L-o/Rq  should  be 
large.  This  quantity  is  the  unfilled  Q  of  Lq  and  will  hereafter  be  denoted  Qq 
The  magnitude  of  R^/Ro  will  now  be  calculated  using  the  following  typical  values 
in  Equation  151 

(  •  1/2 

«o  300 

f  30  Me 

B  3  kc  centered  at  30  Me 

T  =  293*K 

V2!*!  T|T2  «  1  (below  saturation) 

Nc  «  0.5  (1C-*  S  protona/cc  (for  a  typical  hydrocarbon  liquid) 

^..5  (‘.-3) 


This  small  fractional  Impedance  change  shows  that  coupling  to  the  spin  system 
is  rather  weak.  This  weak  coupling  is  a  central  problem  in  limiter  development 
since,  as  will  be  shown  in  the  nest  ssetion,  weak  coupling  leads  to  high  insertion 
loss.  Without  changing  material,  the  most  effective  way  to  improve  this  couplii* 
appears  to  be  by  cooling  tbs  absorbing  sample.  As  can  be  seen  from  Equations 
145  and  146,  a  redaction  la  temperature.  T.  by  a  certain  factor  will  cause  an 
increase  In  both  X*  and  X"  by  the  same  factor;  hence,  an  increase  in  Zm/R<} 
Cooling  to  liquid  nitrogen  temperature,  for  example,  would  increase  Zm/R0  by 
a  factor  of  3.*.  The  major  difficulty  in  operating  at  these  temperatures  lies 
in  finding  an  absorbing  substance  with  sufficiently  long  T 2  Since  long  trans¬ 
verse  relaxation  times  art  found  only  la  liquids,  the  absorbing  material  must 
have  an  sxtremely  low  f resting  point.  Propane  offers  promise  as  an  absorber 
at  law  tsmperaturea  with  a  frees  lag  point  of  M*K.  This  freezing  point  might 
be  lowered  still  Anther  by  the  addition  of  a  dissimilar  organic  substance. 

A  significant  Uuprovemsnt  in  coupling  can  be  realised  with  a  special  cooling 
method  known  aa  electron  pumping  or  dynamic  polarisation  (References  I  and  7). 
This  aisthod  (dtscuaasd  latar)  anas  aa  absorbing  sample  exhibiting  both  proton 
and  electron  spin  rsaoaaaoe  (liquid  ammonia  with  dissolved  sodium,  for 
sxaa^ls) .  If  the  slactroa  spin  system  la  wfaratsd  using  a  microwave  source, 
it  is  found  that  tha  affective  temperature  of  the  proton  qia  system  amy  be 
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|mtlj  reduced.  Increaetag  Za/R0  by  a  factor  aa  great  aa  480  Such  an  improve¬ 
ment  would  aubatant tally  reduce  limiter  tnaertion  loea  For  thia  reaaon.  It  la 
proponed  that  a  atady  at  the  elect  ran -pumped  limiter  be  undertaken  aa  part  of 
the  lire* -year  program 
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APPENDIX  IX  -  LIMITING  CHARACTERISTICS 


The  frequency -selective  limiter  ctrcuit  ie  basically  an  rf  bridge,  one  arm  of 
which  contains  an  absorbing  substance.  To  ensure  symmetry,  the  apposing 
bridge  arm  is  constructed  identically,  even  to  the  point  of  containing  a  sub¬ 
stance  identical  to  that  of  the  absorbing  arm  The  only  difference  is  that  this 
dummy  arm  is  not  immersed  in  s  d  c  magnetic  field  A  typical  limiter  circuit 
is  showr  in  Figure  40 

In  analysing  the  limiter  circuit,  as  few  restrictions  as  possible  will  be  Imposed 
on  the  exact  circuit  configuration  used.  In  a  later  section,  the  analysts  will  be 
restricted  to  specific  circuits,  and  numerical  results  will  be  obtained 


Figure  41  depicts  s  general  bridge  circuit  with  a  generator  of  internal  imped¬ 
ance.  Rg,  connected  to  the  input  port,  and  with  a  load  resistance.  R[  .  connected 
to  the  output  port  Such  a  two-port  circuit  will  possess  a  voltage  transfer 
function.  Ah).  Zu).  that  is  a  rational  function  of  both  frequency,  u  and  the 
imbalance  impedance.  Zu  introduced  in  one  arm 


A(a».  ZJ  - 


VL  Zu) 


1152* 


Expanding  A|s.  Zy)  In  a  power  series  in  Z„  about  the  point  Zu  -  o  yields 

•> 

«w 

A).,  y  Zu  •  \ 

Zy  r  O 

The  first  term  in  tills  series  is  identically  zero.  This  follows  from  the  defini 
tion  of  Zu-  If  the  Imbalance  impedance  is  zero,  the  bridge  must  be  balanced, 
hence  A(s.  of  ■  o.  If  Zu  is  sufficiently  small.  A  (a*.  Zy)  can  be  approximated 
accurately  by  tbs  second  term  la  the  above  series,  from  which  the  overall 
Insertion  loss  can  be  calculated  as  follows: 


Available  Generator  Power 
Power  Dissipated  in  RL 

V.2/4  R. 


FIGURE  VO.  TYPICAL  LIMITER  CIRCUIT 


FIGURE  Vl.  OESERAL  BRIDGE  CIRCUIT 


Till*  la  a  coavdiMl  form  for  L  ia  that  all  Imbalance  effects,  whether  due  to 
proton  resonance  or  a  imply  to  Imperfect  bridge  construction,  are  lumped  la  the 
I  Rl 

The  factor - r..  I - [2  te  a  function  of  frequency  only  and 


,*c*ornr,r  T 

independent  of  Z, 


,T 


To  obtain  selective  limiting  action  over  the  entire  bendwlth.  bridge  Unbalance 
should  depend  only  on  R,  <1.  e. .  Zu  Raj .  This  condition  can  be  met  only  If  th 
effect  of  the  imaginary  part  of  Za  is  eomeho*  cancelled.  The  detail  a  of  how 
thta  effect  can  be  cancelled  will  be  deferred  until  Inter  In  this  Appendix.  For 
now.  It  will  be  assumed  that  bridge  imbalance  te  due  to  both  Ra  and  XB . 
insertion  loss  Is  given  by 


no  that 
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L  may  be  written  alternately  ns 


X, 

L  L'  X'*  ♦  ]X* 


(  154) 


La  and  X,  are  the  small-algnal  values  of  L  and  X"  at  midband,  where  x'  «  o. 
Setting  f  =  1/2  ft  *  fg)  (mldbnmh. 


ZU  *  o 
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(155) 


and,  from  Equation  146  , 


*•  *  8kTB 

It  has  bees  assumed  hi  the  derivation  of  Equation  154  that  the  quantity 


(156) 


I A  (a*.  ZW 
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Is  oomM  seer  the  llmNer  baadotd*.  ac  that  tt  may  be  replaced  by  Its  mid- 
hwri  vahm  fee  in  Squat  toe  155).  Thta  assumption  is  valid,  provided  the  baad- 
wMft  of  tte  hrtdgs  cirouftry  la  amoh  greater  thaa  the  aotaal  limiter  bandwidth,  B. 
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All  e^erimental  circuits  constructed  to  date  Have  met  this  requirement,  the 
latest  model  having  B  10  he  with  a  brii^r  bandwidth  of  ISO  kc. 

The  field.  Hj ,  within  the  xbeorbmg  coil  will  be  proportional  to  the  generator 
voltage.  V|t  except  for  the  small  nonlinear  perturbation  In  roil  impedance  due 
to  proton  resonance  To  a  good  approximation,  then,  the  parameter  1  '4  H  f 
T  j T2  will  be  proportional  to  available  generator  power.  PB 

j  2  « 

Ps  P«U^  *  Hf  T,T2  15/ 

The  constant  of  proportionality.  Ptl>.  wilt  be  referred  to  aa  the  saturation 
power,  since  the  condition  Ps  ?  PMt  is  equivalent  to  the  saturation  condition 
for  X"  (see  Equation  !47t 

Using  Equations  146  .  154.  and  157.  and  assuming  X’  to  bs  constant  (unsatu rated). 
outfMt  power  can  be  found  aa  a  function  of  input  power 


Equation  158  ia  plotted  In  Figure  42  for  various  values  of  the  ratio  X'  /XB". 
These  curves  show  that  beat  limiting  notion  is  obtained  when  X'/XB  is  small 
Because  X*  cannot  be  saturated  at  reasonable  power  levels,  it  causes  a  bridge 
imbalance,  and  leak-through  results. 


In  addition  to  causing  leak-through,  uncompensated  X  will  also  produce  power- 
dspsndsnt  phase  shift.  The  first-order  expansion  of  the  voltage  transfer 
function  is 


Afa*.  Zg) 


'Zu  *  o 


If  can  be  considered  constant  over  the  limited  bandwidth,  phase 

■hill  will  be  equal  to  the  angle  of  the  complex  absorption  impedance,  Zg.  Za  is 
proportional  to  X'  ♦  JX".  therefore,  the  phase  shift  angle,  6 ,  must  be  given  by 


# 
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Usliy  Fif-Hmt  146  and  15/  .  $  can  be  written  aa  a  function  of  Ps. 


*  1 

Aa  shown  In  Figure  43  .  thin  phase  shift  la  smallest  when  X  X,  Is  small  and 
increases  with  input  power  level.  The  maximum  phase  shift  that  can  occur  is 
90  degrees. 

The  bridge  Imbalance  attributable  to  X’  is  a  result  of  the  difference  in  saturation 
level  of  X'  and  X”.  X’  saturates  at  a  significantly  higher  level  because  of  the 
broadness  of  the  contributing  proton  line  shapes.  Saturation  of  X  at  any  fre¬ 
quency  corresponds  to  the  saturation  of  X  throughout  the  entire  volume,  more¬ 
over.  the  bridge  will  net  be  balanced  when  selective  saturation  of  X  is  obtained. 
The  deleterious  effect  of  X'  can  be  minimized  by  two  methods 

1)  Cancellation  of  X'  after  AM  detection 

2)  Reduction  of  X*  through  sample  shaping 

The  first  technique  uses  a  bridge  circuit  with  a  relatively  large  imbalance 
resistance  in  one  arm.  If  this  resistance  is  denoted  by  Ru.  total  imbalance 
impedance  will  be 

Zu  ♦  <»  0*0*  ♦  )  «•  £Q0RoX' 

Since  bridge  output  voltage  is  proportional  to  Z„,  the  detected  output  will  be 
proportional  to  |ZH|.  If  Ru>>  4s£Q03ox  ■  t»(Wo**ox-  then 
|Zul»*e  ♦  «»£<*ol*oX  ’ 

Thus,  the  detected  output  is  Independent  of  X'  for  large  resistive  imbalance. 

The  detected  bridge  output  voltage,  proportional  to  Zu.  contains  an  undesired 
component  due  to  fly  This  term  can  be  eliminated  by  subtracting  from  the 
dstectad  bridge  output  a  second  unlimited,  detected  output  of  magnitude  just 
sufficient  to  cancel  the  leak-through  due  to  Ru.  If  this  Is  done,  the  final  output 
will  be  proportional  to  X"  and  will  display  frequency  selective  limiting  action. 
This  technique  results  in  loee  of  phase  information. 

The  second  technique  uses  sample  shaping  techniques  to  minimize  X',  and 
involves  no  lose  of  phase  information.  By  careful  control  of  field  Inhomogeneity 
sad  sample  shape,  the  distribution  function,  gfloj .  can  be  altered,  and,  in  turn, 
X'  sad  X”  will  be  altered.  To  minimize  the  effect  of  X'  while  maintainii*  a 
relatively  strong  absorption,  the  ratio  X'/Xg"  should  be  minimized.  The  degree 
to  which  this  ratio  must  be  minimized  depends  on  the  limiting  range  desired. 

For  example,  Figure  42  shows  that  a  minimum  limiting  range  of  IS  db  will  be 
obtained  for  X'/Xg"  <  1/5.  •.  If  a  30 -db  range  is  desired,  X'/X*'  must  be  less 
than  1/33.  In  the  case  of  the  uncompensated  limiter,  the  effect  of  these 
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restrictions  Is  to  reduce  usable  bandwidth.  Figure  36  shows  that  the  criterion 
X'/X,  <  1/5. 6  Is  satisfied  by  the  uncompensated  limiter  over  only  a  small 
mage  of  frequencies  sear  band  center  This  usable  rsogc  is  approximately 
0  25  B.  so  that  75  perceat  o I  the  total  bandwidth  Is  wasted  in  this  case. 

A  good  portion  of  this  wasted  bandwidth  can  be  regained  through  sample  shaping 
techniques.  As  an  illustration  of  this  method,  consider  the  distribution  function 
shows  in  Figure  44  (solid  line).  The  uncompensated  rectangular  distribution 
function  assumed  in  the  preceding  appendixes  is  also  shown  tn  Figure  44 
(dotted  line)  for  comparison.  The  new  distribution  function  has  "rabbit  ears" 
positioned  near  the  band  edges,  which  give  rise  to  compensating  reactances. 

X*  and  X'  can  be  calculated  exactly  for  this  distribution  using  Equations  <41 
and  >42  It  Is  found  that  the  relation  X'/Xg  <  1/5. 6  is  satisfied  over  a  range 
of  frequencies  of  0  5  B  This  represents  sn  increase  tn  usable  bandwidth  over 
the  uncompensated  case  by  a  factor  of  2.  The  form  assumed  in  Equation  44 
was  chosen  arbitrarily  and  by  no  means  represents  sn  optimum  case.  A  theore¬ 
tical  investigation  Into  the  optimum  form  for  gff^  is  to  be  made  as  part  of  the 
proposed  program. 

Figure  45  shows  one  possible  means  of  obtainii*  the  "rabbit  ear"  distribution 
furwtim.  As  shown  In  this  figure,  the  absorbing  liquid  la  contained  in  a  rectan¬ 
gular  resonator  th;'  ran  be  recognised  as  a  foreshortened,  capacitively  loaded 
traaamlaaioa  line  section.  An  inhomogeiN.ouc  *  r  field  is  applied  parallel  io 
Urn  center  conductor  axis.  The  strength  of  this  field  Increases  linear^  :h; 
direction  of  the  long  dimension  of  the  resonntor,  yielding  a  distribution  of  pro¬ 
tons  versus  field  strength  that  Is  greatest  in  the  low-  and  high-8trei«tb  regions 
n»d  somewhat  reduced  In  the  Intermediate- at reiyth  region.  Recallti*  the  linear 
relationship  between  field  strength  and  Larmour  frequency,  this  gives  a 
distribution  function  of  the  form  shown  in  Figure  44  .  which  la  greatest  in  the 
low-  and  high- frequency  regions 
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APPENDIX  X  — BATUEATKM  LEVEL 


Safuratioa  of  the  liatitsr  begins  as  available  input  power,  Pe,  approaches  the 
Mtoito  power,  P^t.  As  defined,  PM  la  a  ooaetaat  ot  proportloaaltty 
betweea  P.  awl  1/4  yRlIjTiTj.  Hj2  is  directly  related  to  the  power  diaatpeted 
la  tke  apia  system  bjr  the  aapreealna 

Power  Dissipated  la  8pia  Syaim  5  Pa  -  (  at  X"Hi2V. 


where  V  is  the  volume  of  the  absorber  coil.  Pt,  is  turn,  is  related  to  the 
power  iMaetpsted  talgbytke  ratio  Em/B0; 


pa  *  p  (dissipated  tm 

For  R(  «  Rg,  the  power  rttsstpeted  la  Rq  is  (see  Figure  D-l) : 


R, 


p(dtsatpeted  is  Mr)  *  1  *°  "  Eg  >  ■«  "o  '  P*«  (Rg” 


(160) 


Craahiahja  this  result  with  Equal! na  160  ,  the  desired  oaanecUoa  between  P«  and 
Hl2  is  ohtatasd 


p. 

fVeX" 


<«g**o> 
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Substituting  for  R,  from 


I  fives 

iWo 
(V  +  Ro»Z 


Finally,  uaiag 


IV^E^ 
*g  *o<loy‘‘i*’t 


When  Eg'  is  adjusted  to  give  attaianoa  taeertioe  loss  (Eg*  -  1/2  R^,  PM>  is 
given  by 


_  >WV 

■**"  Qpy^TiTf 


(161) 
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Equation  '62  to  valid  only  for  the  case  of  high  insertion  tooa.  For  f  Ml  Me. 

V  ■  5  cc.  Qn  -  300.  and  Tj  T2  I  aecond.  ao  is  common  in  mar  v  hydrocarbon 
liquids. 

PMt  *  0.04  erg/ sec.  or  -54  ilbm 

This  ta  a  much  lower  saturation  level  than  is  obtainable  in  ferrite  limiter* 

Low  saturation  levels  such  as  thia  are  essential,  however,  if  the  limiter  is  to 
serve  its  function  of  reducing  large  interfering  signals  to  the  level  of  wei».i»er 
desired  signs) s.  PMt  can  be  controlled  over  s  wide  range  through  suitable 
choice  of  T|  and  Tj.  An  qpper  limit  ta  set  on  Past  by  the  degree  of  selectivity 
desired  and  the  allowable  absorber  volume.  Taking  100  cps  a  a  the  largest  useful 
selectivity,  and  50  cc  as  the  largest  practical  absorbing  volume  maximum  PHal 
will  be  os  the  order  of  -4  dbm  at  30  Me  with  Q0  300 

Lowest  values  of  P„i  will  be  achieved  using  non  viscous  liquids  such  as  benzene 
Benzene  has  T|  -  Tj  20  seconds  and  will  have  a  saturation  power  on  the  order 
of  -HO  dbm.  One  difficulty  in  attaining  such  low  saturation  levels  as  this  will 
be  the  presence  of  convection  currents  and  molecular  diffusion  in  the  absorbing 
sample.  These  matter-transport  mechanisms  make  it  difficult  to  obtain  local 
saturation  of  the  sample  because  of  the  continuous  replacement  of  saturated 
spins  with  unsaturated  ones.  The  net  effect  of  either  diffusion  or  convection 
would  be  to  increase  PH>  and.  at  the  same  time,  to  reduce  selectivity  because 
the  fraction  of  saturated  sample  volume  is  increased  For  a  completely 
stationary  absorber,  the  tract  km  of  volume  saturated  for  input  powers  on  the 
order  of  Past  will  be  approximately  1/#  T2B.  Matter  transport  will  become 
important  when  the  rata  of  apin  replacement  approaches  the  thermal  relaxation 
rata.  1/Tj.  Equivalently.  It  may  be  said  that  Put  will  be  significantly 
Increased  If  as  appreciable  number  of  molecules  leave  the  fractional  volume 
V/»  T|B  wtthla  a  time  Interval  of  T|  seconds.  For  benzene,  with  B  3  kc. 
this  fractional  volume  ia  on  the  order  of  V/180,000,  and  Tj  is  approximately 
M  seconds,  ao  that  ordinary  convection  currents  are  important.  To  combat 
convection  and  diffaeion  offsets,  the  liquid  absorber  can  be  trapped  in  a  porous 
nonpars  magnetic  aubstane*  th*t  inhibits  lone-range  fluid  motion.  This  measure 
>•  only  necessary,  however,  when  long  relaxation  times  are  useu. 
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APPENDIX  XI  —  SELECTIVITY  AND  INTER  MODULATION 


If  ■  signal  above  threshold  is  applied  to  althsr  s  (Mods  or  parametric 

limitsr,  ths  response  of  the  limiter  to  other  signals  is  disabled  over  the  entire 
pesshaad  The  response  at  a  frequency  selective  limiter,  on  the  other  hand,  is 
disabled  only  for  frequencies  in  the  immediate  vicinity  at  the  strong  signal.  The 
minimum  frequency  separation  that  can  exist  between  a  small  and  large  signal 
without  interaction  at  the  two  Is  referred  to  In  this  proposal  as  the  limiter 
selectivity. 

Inter  modulation  will  occur  whenever  the  protons  that  resonate  at  the  frequency 
of  one  signal  arc  saturated  by  an  adjacent  large  signal.  If  f  is  the  frequency  of 
the  large  signal,  protons  with  resonant  frequencies  within  1/2  lmewidth  of  f  will 
experience  appreciable  saturation.  From  Equation  140  it  can  be  seen  that  the 
half  linewidth  is  l/XsTg  ^  ♦  ^Hj^iTj  cps;  this  quantity,  then,  is  the  limiter 
selectivity.  Using  Equation  C-6.  the  selectivity  becomes 


Vlsctivlty  = 


At  saturation,  selectivity  will  be  on  ths  order  of  1/2  f  Tg,  and  will  increase  slowly 
as  PB  increases,  becoming  proportional  to  VT  tor  Pg  »  P^. 

Ths  most  Important  pnrameter  in  determining  selectivity  is  Tj,  the  transverse 
rslaxntioe  time.  For  Tj«  1  second,  sol  activities  on  tbs  order  at  a  fow  cycles 
may  be  expected.  This  extremely  snmll  figure  becomes  quite  noteworthy  when 
compared  with  the  at  'activity  at  the  ferrite  limiter,  which  is  on  the  order  of 
mepcycles. 

A  quantitative  analysis  at  inter  modulation  la  to  be  undertaken  aa  part  of  the  7- 
month  program.  It  la  proposed  to  study  the  Interaction  (in  the  limiter)  of  two 
signals  as  a  function  of  frequency  separation  ana  signal  strength.  The  analysis 
abould  reveal  the  degree  at  signal  suppression  due  to  an  adjacent  saturating  sig¬ 
nal  and  should  also  disclose  tbs  frequency  and  amplitude  of  Intermodulation 
products. 
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APPENDIX  XII -NOISE  FIGURE  OF  THE  LIMITER 


Since  the  frequency  eelectlve  limiter  ie  essentially  ■  peseive  element,  the  avail  - 
able  output  eoiee  ie  essentially  kTB,  where  T  corresponds  to  the  limitrr  tem¬ 
perature  when  no  noise  ie  supplied  to  the  input  terminals.  The  noise  figure  is  then 

available  noise  output  (with  kTB  at  input) 
kTB  (pin  of  limiter) 

kTB  1 

kTBGj  Gj  a 

la  cascade  with  a  second  stage,  the  overall  noiae  figure  becomes 


ria  “  ri 


f2-i 


L  ♦  L  F  -L  L  F 

s  s  2  a  s  2 


The  overall  noise  figure  of  two  stagee  (Fjg)  is  the  sum  in  decibels  of  the  insertion 
loss  of  the  Hatter  as  first  stags  and  the  noise  figure  (F2)  of  the  second  stage. 
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